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Polyethylene (PE) and polypropylene (PP), which are two of the most 
significant semi-crystalline polymers, have been used in our daily life owning to their 
superior properties such as a high drawability, toughness, and low weight. These 
mechanical and physical characteristics strongly depend on the various structural 
variables of semi-crystalline polymers composed of crystalline and amorphous phases. 
The relationships between the mechanical properties and the structural morphology have 
been extensively studied for their development and modification.1-4  
Various analytical methods such as birefringence5,6, infrared (IR) 
spectroscopy7-9, X-ray scattering10,11, and Raman spectroscopy12,13 have been used to 
analyze the complicated morphologies observed over a wide range of length scales. In 
previous studies, the importance of the lamellar crystalline structure in relation to the 
mechanical properties has been reported by many authors, e.g., the strength and 
drawability strongly depend on the crystallinity.14,15 Moreover, the role of the amorphous 
structure has also been researched in recent studies.16-18 For example, the onset of plastic 
deformation in semi-crystalline polymers is determined by the entanglement of 
amorphous chains.16,19 
 Rheo-optics is a method combining mechanical tests and spectroscopic 
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techniques. Because rheo-optical methods are powerful analytical tools for investigating 
microscopic deformation behaviors, these methods have been used to investigate the 
relationship between the sample morphology and the mechanical properties. Rheo-optical 
IR spectroscopy is widely used to evaluate the changes in the crystallinity and molecular 
orientation under uniaxial stretching.20-22 Recently, improvements in optical devices and 
detectors have enabled Raman spectra to be obtained in a short time and at high 
resolutions, resulting in wide application to various research fields.23,24 Raman 
spectroscopy has some advantages for elucidating the deformation mechanism of 
polymeric materials; the molecular orientation and the load sharing of the skeletal chain 
can be examined,25 which are difficult to obtain using other analytical methods. Thus, 
rheo-Raman spectroscopy is expected to provide various information about the 
microscopic deformation behavior of semi-crystalline polymers. This dissertation aims to 
develop a rheo-Raman spectroscopic system and elucidate the microscopic deformation 
mechanism of semi-crystalline polymers. 
 
1.2 Structure of semi-crystalline polymers 
1.2.1 Primary structures 
 Polymers are long molecular chains composed of small monomer units. These 
long molecular chains are characterized with some parameters called primary structures. 
The chemical structure of the molecular chains is determined by the monomer units. The 
molecular weight corresponding to the length of the molecular chains is one of the most 




unlike metals and inorganic materials, polymers have a distribution of molecular weights. 
Polymers with different molecular weight distributions exhibit quite different properties, 
even those with the same chemical structure; thus, the molecular weight distribution is 
also a very important primary structure.  
 PE has the simplest chemical structure composed of carbon and hydrogen 
atoms and is created by the polymerization of ethylene monomers. The branching 
structure of PE is affected by the polymerization conditions and catalyst. Schematics of 
the molecular structure of typical PEs are shown in Figure 1-1. Low-density polyethylene 
(LDPE) with a density range of 910–925 kg m−3 synthesized at high pressure and high 
temperature has a large number of long branches. PE polymerized with a Ziegler–Natta 
catalyst has almost no branch structure and shows a high crystallinity, which is called 
high-density polyethylene (HDPE). Linear low-density polyethylene (LLDPE) with a 
significant number of short branches is generally synthesized by the copolymerization of 
ethylene with a-olefins, e.g., 1-butene and 1-hexene. The density of LLDPE is close to 
that of LDPE, but LLDPE has superior mechanical properties such as a high strength and 




Figure 1-1. Stereoregularities of typical polyethylene chains. 
 
PP is composed of carbon and hydrogen atoms as same as PE, but its 
mechanical properties are influenced by the stereoregularity of the molecular chains with 
methyl groups. Figure 1-2 shows PP with different stereoregularities. Isotactic 
polypropylene (iPP), where all of the methyl groups are on the same side of the molecular 
chain, shows a high crystallinity. On the other hand, syndiotactic polypropylene (sPP), in 
which the CH3 groups are arranged alternatively on both sides of molecular chains, and 
atactic polypropylene (aPP), where the CH3 groups are randomly arranged, show a low 
crystallinity compared with that of iPP. 
(a) High-density polyethylene






Figure 1-2. Stereoregularities of polypropylene with different tacticities. 
 
The molecular weight distribution is a common molecular parameter for all 
polymeric materials and strongly affects the supermolecular structure and mechanical 
properties. In general, the molecular weight distribution is represented by some average 
value and the standard deviation of the distribution. The average values of the molecular 






















where Mn is the number-averaged molecular weight and Mw is the weight-averaged 
molecular weight. ni, wi and Mi are the number, weight fraction and molecular weight for 
component i, respectively. A typical molecular weight distribution of polymers is depicted 




The polydispersity index Mw/Mn is commonly used as a measure of the broadness of the 
molecular weight distribution because this index is a linear function of sn2. However, it is 
noted that the polydispersity index is also affected by Mn, as shown in Equation (1-3). 
Recently, the molecular weight distribution has been easily evaluated by using gel 
permeation chromatography with standard samples having a monodisperse molecular 
weight distribution. 
 





































1.2.2 Supermolecular structure 
 Until the 1950s, many researchers claimed that the morphology of semi-
crystalline polymers, which comprises crystalline and amorphous phases, is described by 
the fringed micelle model shown in Figure 1-4.26 In this model, molecular chains partially 
form crystallites dispersed in the amorphous matrix. However, Keller et al. reported that 
PE crystallized from a dilute xylene solution forms plate-like single crystals composed of 
folded molecular chains.27,28 When semi-crystalline polymers are crystallized from the 
melt, the molecular chains are organized as a lamellar structure in a length-scale range of 
10–30 nm, as presented in Figure 1-5. The amorphous chains reside in the interlamellar 
regions, and they are classified into four types of molecular chains: tie, loop, cilia and 
floating chains.18 Tie molecules connecting adjacent lamellar crystals have an important 
role in the mechanical properties of semi-crystalline polymers because the load applied 
to specimen propagates over the lamellar structure via the tie molecules.17,29 
 
 




Figure 1-5. Lamellar morphology composed of crystalline and amorphous layers. 
 
The molecular chain of PE in planar zig-zag conformation (Figure 1-6) is the 
most stable state. PE chains are packed into an orthorhombic unit cell due to van der 
Waals interactions during the crystallization process. The lattice constants of 
orthorhombic crystal of PE were determined by wide-angle X-ray diffraction (WAXD) 
measurements as a = 0.74 nm, b = 0.49, and c = 0.25 nm, as shown in Figure 1-7.30 The 
lamellar crystals grow along the b axis and sheaf-like spherulites are formed. Although 
PE chains also form monoclinic or hexagonal crystals under uniaxial stretching31 or at 











Figure 1-6. Schematic of polyethylene chains with a planar zig-zag conformation. 
 
 













 iPP chains are packed in the crystal lattice in a helical conformation. Melt-
crystallized iPP forms the a-phase crystal structure (monoclinic crystals) composed of a 
31 helical conformation composed of trans-gauche conformers, as shown in Figure 1-8. 
In general, the a-phase crystal structure is the most stable state for iPP. The lamellar 
crystals grow along the a* axis (tilted 99.2° from the a axis) to form spherulites.33 
 
 










1.2.3 Relaxation processes 
 Semi-crystalline polymers display at least three relaxation processes, 
designated as a, b, and g in order of decreasing temperature. In particular, the origins of 
these three relaxation processes for PE have been extensively studied.14,34-38  
The g relaxation for melt-crystallized PE is observed in the temperature range 
of −150 to −120°C. Because the temperature of the g relaxation peak decreases with the 
number of methyl sequences for LLDPE, g relaxation is attributed to the molecular 
motions of the cilia and floating chains in the amorphous region.37 Thus, g relaxation is 
assigned to the glass transition of amorphous PE.37 
Branched PE with a low crystallinity shows an obvious b-relaxation peak 
observed in the temperature range of −30 to 10°C, whereas it is not observed in single 
crystal mats or PE with a high crystallinity. The b-relaxation process is generally assigned 
to the molecular motions of the branched portions in the amorphous region.14 Moreover, 
this b-relaxation peak is also observed for ultra-high-molecular-weight PE (UHMWPE) 
with a high crystallinity.37 Considering that UHMWPE has loose tie and loop molecules 
in the interlamellar layers, the b relaxation of UHMWPE is also assigned to the glass 
transition of these amorphous chains. 
  The a-relaxation peak observed over a wide temperature range from 30 to 
130°C strongly affects the mechanical properties such as the drawability and strength of 
materials. It is well known that the a-relaxation peak overlaps with more than one peak 
because the mechanical dispersion of tand is obviously asymmetric as shown in Figure 
1-9.35 The peak separation in the a-relaxation region into two components as a1 and a2 
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relaxation processes, corresponding to the components at lower and higher temperatures, 
was first proposed by Nakayasu et al.39 They suggested that the a1 and a2 relaxation 
processes are assigned to the intercrystalline (grain boundary) and intracrystalline (single 
molecular chain) relaxation processes, respectively. Takayanagi and coworkers compared 
the dynamic mechanical spectra of melt-crystallized PE showing two a relaxation 
processes and those of PE single-crystal mats showing only a single a2 relaxation 
peak.40,41 They concluded that the a2 relaxation process is a thermorheologically simple 
process although the a1-relaxation mechanism is thermorheologically complicated. 
Moreover, the a1-relaxation intensity strongly depends on the size of the mosaic block 
estimated using the paracrystal theory proposed by Hosemann42,43, suggesting that the 
deformation of the intermosaic regions is the origin of a1 relaxation. 
 





1.3 Mechanical properties of semi-crystalline polymers 
1.3.1 Stress–strain behavior 
 A tensile test is generally used for the analysis of the mechanical response of 
semi-crystalline polymers under deformation. A nominal stress–strain curve is generally 
used for the investigation of the tensile properties because of its simple measurement 
procedure. The nominal stress s and nominal strain e are given in terms of the initial 
cross-sectional area and the length of the specimen as 
 (1-4) 
 (1-5) 
where F is the load, A0 is the initial cross-sectional area, l is the length of the specimen, 
and l0 is the initial length of the specimen. For samples showing heterogeneous 
deformation, a true stress–strain curve, which takes into account the changes in the length 
and cross-sectional area of the specimen under deformation, is useful to investigate the 




Here, A is the cross-sectional area of the specimen at each strain. In the case where the 
sample maintains a constant volume under deformation, the true stress and strain are 
easily calculated using the draw ratio l = l/l0. However, for semi-crystalline polymers, 
measurement of the true stress and true strain is difficult because of the heterogeneous 
deformation accompanied with the change in the sample volume. Addeigo et al. 
  = F/A0,
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developed the video-controlled testing system, which combines the measurements 
obtained by a tensile tester and real-time monitoring of the cross-sectional area, to 
examine the true stress–strain curve for semi-crystalline polymers under a constant strain 
rate.44,45 
 A nominal stress–strain curve of HDPE is shown in Figure 1-10 with sample 
photographs at each strain. The stress–strain curve is separated into four regions—the 
elastic, yielding, neck-propagation and strain-hardening regions. In the elastic region, the 
stress linearly increases with strain like a Hookean body. Here, the Young’s modulus 
corresponding the slope of the stress–strain curve is an essential physical quantity 
representing the hardness of the material. Then, the stress gradually increases and reaches 
a maximum, which is the onset of plastic deformation of the sample. Beyond this 
maximum, the stress decreases and reaches a plateau. The maximum and concave points 
are called the first and second yielding points, respectively. At the first yielding point, 
shear bands appear in the specimen, accompanied with the occurrence of microcrazes and 
voids. Then, necking deformation is observed around the second yielding point. After the 
yielding region, the necked portion propagates over the entire specimen. The terminal 
draw ratio of the neck-propagation region is called the natural draw ratio, which is directly 
related to the drawability of polymeric materials. Finally, the specimen homogeneously 








Figure 1-10. Typical nominal stress–strain curve of high-density polyethylene and 
 photographs of a specimen at (a) the first yield point, (b) the second yield 
 point, (c) the initial point in the neck-propagation region, and (d) the 
























(a)unstretched (b) (c) (d)
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1.3.2 Deformation behavior in the elastic region 
 Experimental and theoretical approaches for elucidating the elastic deformation 
behavior have been proposed by many authors. Mandelkern’s group reported that the 
amorphous structure strongly affects the elastic deformation because the Young’s 
modulus depends on the amorphous layer thickness and is independent of the lamellar 
crystal thickness for PE samples with various structural variables.2,46 Moreover, Nitta and 
Yamaguchi showed that the Young’s modulus linearly increases with the amorphous layer 
thickness using iPP samples with various amorphous-layer thicknesses.47 According to 
Crist et al.,48 an increase in the lamellar crystal thickness leads to higher values of the 
amorphous modulus, resulting in an increase in the Young’s modulus. The deformation 
of the amorphous region is directly observed by small-angle X-ray scattering (SAXS) and 
polarized microscopy. Xiong et al. performed in situ SAXS and revealed that the lateral 
contraction of the interlamellar amorphous phase is strongly restricted owning to the 
structural confinement effect of the rigid lamellar crystals, resulting in an increase in the 
amorphous modulus.49,50 The anisotropic deformation of spherulites was reported, as 
shown in Figure 1-11.51,52 On the basis of direct microscopic observation of a huge and 
isolated spherulite prepared in a very slowly cooled iPP sheet,52 the lamellar structures 
located in the polar and equatorial zones are compressed and stretched, respectively, 








Figure 1-11. The change in the interlamellar spacing with the elongation of the lamellar 
 structure in a spherulite.52 
 
1.3.3 Yielding deformation  
 As is well known, drastic morphological changes from the spherulitic structure 
to the fibrillar structure occurr during yielding deformation. Because yielding 
deformation is caused during the molding process of polymeric materials, understanding 
of yielding mechanism is required to optimize the processing conditions and improve the 
mechanical properties. Necking deformation is also observed for metallic materials, and 
the mechanism of the necking of metals has been thoroughly investigated. However, the 
complicated morphology of semi-crystalline polymers makes it difficult to understand the 
yielding phenomena. In previous studies, numerous molecular models explaining 
yielding deformation have been proposed. 
 Plastic-flow theory has been proposed by Eyring to understand the 
viscoelasticity of polymeric materials.53 The basic concept of Eyring theory is illustrated 
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in Figure 1-12. In the equilibrium state, the frequency of movement of the flow units from 
left to right is equivalent to those from right to left. Therefore, the number of the flow 
units is expressed as 
 
(1-8) 
where n0 is a prefactor, DH is the activation energy, R is the gas constant, and T is the 
temperature. When an external stress s is applied to the substance from the left side, the 
potential barrier on the right side decreases to DH−slA/2, where l is the flow distance 
and A is the cross-sectional area of the flow units perpendicular to the applied stress. Thus, 
the frequency of movement of the flow units under stress is given as 
 
(1-9) 
Here, V* is the activation volume given by V* = lA. The strain rate is expressed using 
Equation (1-9) as 
 
(1-10) 
where l1 is the initial distance between flow units. In the case where the applied stress is 
sufficiently large (sV* >> RT), Equation (1-10) can be rewritten as 
 
(1-10) 
where  = 2n0l/l0 is a constant. Eyring theory has been widely used for the analysis of 
the plastic deformation of semi-crystalline polymers to obtain the activation volume and 
activation energy. 
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Figure 1-12. Eyring’s plastic flow theory. 53 
 
 Peterlin proposed a molecular model to explain the plastic deformation of semi-
crystalline polymers from a structural point of view.54-56 A schematic of the model is 
presented in Figure 1-13. According to his model, the strain softening in the yielding 
region is caused by the fragmentation of the lamellar crystals and reorganization into a 
fibrillar structure, followed by the orientation of the unfolded chains from the crystals. 
This model is called “local melting-recrystallizatioin model”, which was widely accepted 
as the standard model of necking deformation of semi-crystalline polymers. Peterlin’s 
model had been supported with some experimental results; the long period obtained from 
SAXS drastically decreased beyond yielding deformation, and the values of the long 
period at the necked portion strongly depend on the elongation temperature10, implying 
the melting and recrystallization of lamellar crystals with yielding deformation.  
 Despite these successful explanation for the experimental results, the Peterlin’s 
model could not explain several new experimental findings; the necking still appears at 





















Figure 1-13. Transformation of stacked lamellar crystals into a microfibril structure 
 proposed by Peterlin.55 
 
temperature under yielding deformation is only 2–4°C, which is quite small for melting 
the crystalline structure. 
 In recent studies, a modified molecular model called “crystal destruction-
recrystallization model” was proposed by Xiong et al.57 They examined the diameter of 
the microfibrils before and after necking deformation at various temperatures using in 
situ SAXS. Because the diameter of a microfibril shows a clear dependence on the 
characteristic size of lamellar structure before necking, a fibrillar structure is formed, 
retaining the memory of the crystallization conditions of the undrawn sample. Thus, they 
proposed that the fragmentation of lamellar crystals takes place at the yielding point 





According to Nitta-Takayanagi58-60, the deformation units that govern yielding 
deformation are not individual lamellar crystals but a few stacked lamellae named a 
lamellar cluster. This theory is based on the experimental results of neutron scattering 
during the crystallization process of deuterated PE; the end-to-end distance of a single 
Gaussian chain is preserved after crystallization. These lamellar clusters are connected 
with some tie chains extending beyond the Gaussian chain size, called intercluster links 
(ICLs). Thus, the ICLs support the external force at the yielding point, leading to 
fragmentation of the lamellar clusters into cluster units and their rotation toward the 
stretching direction. The existence of lamellar clusters is directly supported by an electron 
microscopy performed by Keith et al.61,62 The lamellar clustering and the fragmentation 
process are presented in Figures 1-14 and 1-15, respectively. 
 
Figure 1-14. Schematic of the lamellar clustering process.58 
 
Figure 1-15. Fragmentation of lamellar clusters into lamellar cluster units at the 
 yielding point.58 
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1.3.4 Strain-hardening behavior 
Considering that complicated morphological changes such as the fragmentation 
and rotation of lamellar blocks are almost completed before the strain-hardening region, 
the microscopic deformation of the strain-hardening region is interpreted as the 
deformation of the fibrillar structure. Arridge et al. proposed a crystalline fibril model to 
explain the mechanical properties of highly oriented samples drawn up to the strain-
hardening region.63,64 According to this model, needle-like crystal fibers (see Figure 1-
16) with the theoretical stiffness of the molecular chains (for PE, Ec ~ 290 GPa) 65 are 
dispersed in a matrix, resulting in the high modulus of the drawn samples. The extensional 
modulus based on this model is expressed using the Cox model66 as 
 
(1-11) 
Here, Vf is the concentration of needle-like crystals and a is the fiber aspect ratio 
expressed as a = lc/2rc where lc and rc are the fiber length and diameter, respectively. 
Moreover, x is expressed as 
 
(1-12) 






















Figure 1-16. Diagram of the crystalline fiber model for high-modulus PE. 63,64 
 
 An alternative approach based on the Takayanagi model has been suggested 
Ward et al.67 A schematic of this model is shown in Figure 1-17. This model is composed 
of crystalline sequences linked by crystalline bridges acting in a similar role to the taut 
tie molecules proposed by Peterlin68. Thus, the increase in the modulus of the drawn 
samples results from the increase in the proportion of crystalline bridges, and the modulus 
is independent of the aspect ratio of the crystalline fibers. The Young’s modulus of the 
drawn specimen is expressed as 
 
(1-13) 
Here, C is the crystallinity and p is defined as 
 
(1-14) 






E = EcXp(2   p) + Ea [1   X + X (1   p)]
2
1   X + X (1   p)2Ea/Ec .
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Figure 1-17. Schematic representation of the crystalline-bridge model for high-modulus 
 PE.67 
 
 The slope of the stress–strain curve in the strain-hardening region called the 
strain-hardening modulus Gp and is an important factor representing the strain-hardening 
behavior. Haward et al. proposed that the mechanical response in the strain-hardening 
region can be described by rubber elasticity theory, thus the network density is obtained 
from the equation Gp = n kBT.69-71 For PE, it is known that the network density in the 
strain-hardening region increases with the weight-averaged molecular weight.71 However, 
a structural interpretation of the Mw dependence of the strain-hardening behavior has not 
been proposed. 








strain-hardening behavior and proposed a molecular model that gives a universal 
constitutive equation for various iPP samples.72 According to this model, the weight 
fraction of taut-tie molecules increases with strain because the taut-tie molecules are 
pulled from the crystalline lamellae, as shown in Figure 1-18.  
 
 
Figure 1-18. Tie molecule model for the chain pull-out process of a drawn iPP 












1.4 Raman spectroscopy 
1.4.1 Classical theory of Raman scattering25,73 
 Raman scattering light occurs by the inelastic energy scattering of light 
interacting with molecules. The principles of Raman scattering are presented in Figure 1-
19. Almost all of the scattered light is caused by an elastic scattering process without 
energy transitions, called Rayleigh scattering light. When the incident light encounters a 
molecule, a dipole moment of molecules is induced by the electric field of the incident 
light. The induced dipole moment µ is expressed in terms of the polarizability tensor a 
as 
 (1-15) 
where Ei is the electric field of the incident light, Ei0 is the amplitude of oscillation, n0 is 
the frequency of the incident light, and t is the time. 
 Considering that molecules vibrate with a frequency nR, the polarizability 
tensor should include a component that depends on the frequency: 
 (1-16) 
where a0 and a1 are amplitudes. The combination of Equations (1-15) and (1-16) gives 
 
        




µ = ↵Ei = Ei0ei cos(2⇡⌫it),
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As shown in Equation (1-17), the polarizability a includes two components that depend 
on ni -nR and ni+nR, which correspond to Stokes and anti-Stokes Raman scattering, 
respectively. 
 
Figure 1-19. Schematics of (a) Stokes and (b) anti-Stokes Raman scattering. 
 
1.4.2 Polarized Raman spectrum 
 The polarized Raman intensity includes information about the orientation of 
the molecules. The polarized intensity of each Raman band is given as 
 
(1-18) 
where I0 is a constant depending on instrument factors and the intensity of the incident 
light. ui and uj’ are the polarization directions of the incident and scattered light (i, j = x, 
y, z), respectively, and aij is a component of the Raman tensor. Here, each direction (x, y, 
z) is defined in Figure 1-20. In the case of uniaxial symmetry, we have 
 
(1-19) 
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Figure 1-20. Coordinate axis for the Raman scattering process. 
 
Nl is a constant for order l, and Alij represents the sum of quadratic terms in the principle 
components of the Raman tensor (a1, a2, and a3) calculated by Bower.74,75 Pl(cosq) is 





where q is the angle between the stretching direction and the principal axis of the Raman 











hP2i = 3 hcos
2 ✓i   1
2 ,
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hP4i = 35 hcos
4 ✓i   30 hcos2 ✓i + 3
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Here, b = I0N0a32, a1 = a1/a3, and a2 = a2/a3. Thus, the orientation distribution coefficients 
called orientation parameters, which provide information about the molecular orientation, 
are obtained by solving Equations (1-22)–(1-25) simultaneously. In recent studies, more 
simplified methods for calculating these orientation parameters with only three types of 
polarization conditions have been proposed.76-78 
 
1.4.3 Peak position of Raman band 
 In many cases, the potential energy of a molecular vibration is represented by 
a Morse-type potential function because of the anharmonicity of their potential energy. 25 




Here, D is the dissociation energy of the bond, we is the wavenumber in the equilibrium 
state, M is the reduced mass, r is the bond length, and r’ is the equilibrium bond length. 
 When a tensile or compressive load is applied to molecular chains, the 
A = 3a21 + 3a22 + 3 + 2a1a2 + 2a1 + 2a2,
B = 3a21 + 3a22   6 + 2a1a2   a1   a2,
C = 3a21 + 3a22 + 8 + 2a1a2   8a1   8a2,
D = a21 + a
2
2 + 1   a1a2   a1   a2,
E = a21 + a
2
2   2   4a1a2 + 2a1 + 2a2.
U = D[1   exp{ a(r   re)}]2,
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equilibrium vibrational level will be changed owning to the anharmonicity of the potential 
energy of the molecular vibration, as shown in Figure 1-21. Considering that the 
derivative of the potential energy corresponds to the spring constant of the molecular 
vibration, the peak position of a Raman band expressed in the following equation shifts 
to a lower or higher wavenumber: 
 
(1-27) 
Here, c is the speed of light and m is the reduced mass. The stretching and compressive 
loads applied to the molecular chains result in negative and positive peak shifts, 
respectively. In fact, the Raman bands observed for highly oriented samples, where the 
macroscopic applied load can be assumed to propagate directly to the molecular chains, 
show lower peak shifts under a tensile stress.79,80 
 












1.5 Objective of this dissertation 
 This dissertation aims to explore the microscopic deformation mechanisms 
under uniaxial tension of the semi-crystalline polymers using rheo-Raman spectroscopy. 
Moreover, the influences of the molecular weight distribution and a relaxation, which are 
the most essential factors controlling the mechanical properties of semi-crystalline 
polymers, on the deformation behavior were investigated.  
In Chapter 2, a rheo-Raman spectroscopic system is developed with a tensile 
tester for elucidating the microscopic deformation behavior under elongation. Moreover, 
a peak fitting process for analyzing Raman spectra during uniaxial deformation is 
proposed. In Chapter 3, the developed rheo-Raman spectroscopic system is applied to the 
uniaxial deformation process of HDPE, and the microscopic load sharing and molecular 
orientation are examined. On the basis of the obtained results, a typical deformation 
model of semi-crystalline polymers is discussed. In Chapter 4, the influences of the 
sample morphology on the microscopic deformation behavior are discussed using iPP. 
Moreover, a new analytical method for determining the molecular orientation of iPP 
sample is proposed. In Chapter 5, the microscopic load sharing and molecular orientation 
are examined using HDPE with different polydispersity indexes to explore the influences 
of the molecular weight distribution on the microscopic deformation. In Chapter 6, the 
temperature dependence of the sample morphology is investigated using various 
analytical methods to suggest a structural interpretation of a relaxation process. Moreover, 
the influences of a relaxation on the microscopic deformation mechanism is explored 
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Development of Rheo-Raman Spectroscopic System 
 
2.1 Introduction 
 Raman spectroscopy is a vibrational spectroscopic methods as same as IR 
spectroscopy which provides information about molecular vibrations.1,2 Recently, Raman 
spectroscopy has been widely applied in various research fields owning to its strong 
advantages3,4; a Raman spectrum can be measured in a non-destructive and non-contact 
manner and can be measured without the influence of water. Moreover, for the analysis 
of polyolefin materials, the deformation behavior of the main chains can be directly 
detected by Raman spectroscopy because the C-C stretching mode corresponding to the 
main-chain vibration is strongly Raman active.5,6 
 Raman spectroscopy has been used to investigate the molecular orientation 
behavior of polymeric materials.1,7-9 By using IR spectroscopy, the average value of the 
molecular orientation is evaluated because one orientation function can be obtained. On 
the other hand, polarized Raman spectroscopy provides the orientation distribution 
function7,10,11, resulting in a more detailed investigation of the molecular orientation. 
Moreover, the microscopic load sharing of molecular chains can be detected by peak 
shifts in the IR and Raman bands because their peak positions are influenced by the load 
applied to the molecular chains.12-14 In particular, the load sharing of the skeletal chains 
of PE and iPP can be examined using Raman spectroscopy.14-17 Thus, Raman 
spectroscopy is a powerful method to evaluate the microscopic deformation behaviors of 




In previous studies, Raman spectroscopy was mainly performed in a static state 
using a drawn specimen removed from a tensile tester.18,19 However, the microscopic 
structure of polymeric materials change every moment after the load is removed because 
of their viscoelasticity. Therefore, real-time monitoring of Raman spectra under 
elongation is required to accurately examine the microscopic deformation behavior of 
polymeric materials. 
 The purpose of this chapter is to develop a rheo-Raman spectroscopic system 
combined with a tensile tester for the investigation of the microscopic deformation 
behavior under uniaxial stretching process. Moreover, an analytical method for the 
Raman bands is also proposed. 
  
2.2 Development of Rheo-Raman Spectroscopy 
A small tensile tester was inserted into a Raman spectroscopic system to perform 
in situ Raman spectroscopy as shown in Figure 2-1. A diode pumped solid state laser 
(RLK-640-200, LASOS, Jene, Germany) was used as incident light, which was 
monochromated with a laser line filter (LD01-640/8-12.5, Semrock). The center of the 
specimen was irradiated with the incident light having a spot size of about 1 mm. A double 
notch-shaped specimen with a 2 mm gauge length and 4 mm width was used for the 
tensile tests. Because necking always appears at the center of the specimen owning to the 
short gauge length, the laser light is focused on the deforming portion during deformation. 
The strain rate and elongation temperature can be set to 0.5–20 min-1 and 20–200°C, 
respectively, using a custom-made tensile tester with a heat chamber. The backward 
scattered light was collected with a pair of convex lenses, where the Rayleigh scattering 
light was removed with a long-pass filter (BLP01-635R-50, Semrock). A charge-coupled 
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device camera equipped with a monochromator (SpectraPro 2300i and PIXIS100, 
Princeton Instruments, Trenton, NJ) was used as the detector. For polarized Raman 
spectroscopy, the polarization directions of the incident and scattered light were changed 
using a half-wavenumber plate and wire-grid polarizer, respectively. The polarized 
Raman spectra were measured in the hh, hv, and vv geometries. Here, h and v represent 
the polarization directions parallel and perpendicular to the stretching direction, 
respectively. The first and second characters correspond to the polarization directions of 
the scattered and incident light. For non-polarized Raman spectroscopy, Raman spectra 
were measured with circularly polarized incident and non-polarized scattered light. In 
general, each Raman spectrum is accumulated 10 or 20 times with an exposure time of 
0.5 or 1.0 s. Moreover, a hot stage (FP-82, Mettler Toledo, Columbus, OH, USA) can be 
also inserted into the rheo-Raman spectroscopic system to measure Raman spectra during 
a heating or cooling process. 
 

















2.3 Assignment of Raman bands 
2.3.1 Sample preparation and characterization 
 Ziegler–Natta–catalyzed HDPE with Mw = 1.0×105 and Mw/Mn = 5.9 supplied by 
Tosoh Co. Ltd. (Tokyo, Japan) and Ziegler–Natta–catalyzed homo iPP supplied by Union 
Polymer Material Co. Ltd. (Dalian, China) were used. HDPE pellets were melt-pressed 
at 210°C and 20 MPa for 5 min followed by quenching in ice water to prepare sample 
sheets with a 1 mm thickness. The HDPE sheets were annealed at 110°C for 5 min. iPP 
pellets were melt-pressed at 230°C and 20 MPa for 5 min followed by quenching in boiled 
water to prepare sample sheets with a 1 mm thickness. The sample density was calculated 
using Archimedes method. The volumetric crystallinities of the samples of HDPE and 
iPP were determined to be about 68% and 66%, respectively, from the sample density, 
where the densities of the crystalline and amorphous phases were assumed to be 1003 and 
855 kg m−3 for HDPE and 936 and 854 kg m−3 for iPP, respectively.20 
 
2.3.2 Raman spectroscopy of undrawn specimen 
 The Raman spectra of undrawn HDPE and iPP specimens were measured with a 
total exposure time of 160 s (a Raman spectrum was accumulated 32 times with an 
exposure time of 5 s). Figures 2-2 and 2-3 show Raman spectra in the range of 1000–
1600 cm−1 and 700–1600 cm−1, respectively. The assignment of each Raman band of 
PE21,22 and PP23,24 is listed in Tables 2-1 and 2-2, respectively.  
For PE, two strong Raman bands assigned to the anti-symmetric and symmetric 
C-C stretching modes of the long consecutive trans chains (the trans sequence is longer 
than 11) and one weak Raman band assigned to the C-C stretching mode of the short 
consecutive trans chains were observed around 1000–1200 cm−1. The spectral changes in 
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the Raman bands at 1063 and 1130 cm-1 provide information about the crystalline chains 
because the long consecutive trans chains are mainly located in the crystalline phase25,26. 
The two Raman bands at 1298 and 1305 cm−1 are assigned to the CH2 twisting mode of 
all consecutive trans chains (the trans sequence is longer than 2–5) and the amorphous 
chains, respectively.25 Strobl and Hagedorn showed that the sum of these two bands is 
independent of the temperature and crystallinity of the samples.27 Therefore, the sum of 
the intensities of these bands is used as an internal reference of the Raman spectrum of 
PE. The trimodal Raman bands are observed around 1450 cm−1, which are assigned to the 
CH2 bending mode. In particular, it was reported that the intensity of the Raman band at 
1418 cm−1 is proportional to the number of the orthorhombic crystalline chains; therefore, 
this band intensity is used for the calculation of the orthorhombic crystallinity.27,28 
In the case of iPP, it is noted that each Raman band includes multiple vibrational 
modes owning to the existence of methylene groups.23 The two strong Raman bands at 
809 and 841 cm−1 are mainly assigned to the symmetric and anti-symmetric C-C 
stretching modes of crystalline chains. Moreover, there is one broad Raman band at 830 
cm-1, which is assigned to the amorphous C-C stretching mode. In particular, it is known 
that the Raman band at 841 cm−1 is assigned to helical chains composed of more than 12 
monomer units.24 The Raman band at 975 cm-1 is assigned to the anti-symmetric C-C 
stretching and CH3 rocking modes of the helical chains composed of more than 5 
monomer units.24 Considering that the critical number of monomer units to form a 
crystalline phase of iPP is 12, the Raman band at 975 cm−1 may include information about 
the helical chains dispersed in the interlamellar amorphous phase. Moreover, the single 
Raman band at 998 cm−1 is assigned to the CH3 rocking mode and CH bending mode of 





Figure 2-2. Raman spectrum of undrawn high-density polyethylene at 20°C. 
 
 



























Table 2-1. Vibrational and phase assignments for the Raman bands of PE. 21,22 
Raman shift /cm−1 Vibrational mode* Phase 
1063 nas (C-C) Consecutive trans (n > 11) 
1080 n (C-C) Amorphous 
1130 ns (C-C) Consecutive trans (n > 11) 
1298 t (CH2) Consecutive trans (n > 2–3) 
1305 t (CH2) Amorphous 
1418 d (CH2) Orthorhombic crystalline 
1440 d (CH2) Trans 
1460 d (CH2) Amorphous 
* n : stretching, nas : anti-symmetric stretching, ns : symmetric stretching 
 t : twisting, d : bending  
 
Table 2-2. Vibrational and phase assignments for the Raman bands of iPP. 23 
Raman shift /cm−1 Vibrational mode* Phase 
809 r (CH2), n (C-CH3) Helical 
830 n (C-CH3), n (C-C), r (CH3) Amorphous 
841 r (CH2), n (C-CH3) Helical (12 monomer units) 
975 d (CH), nas (C-C) Helical (5 monomer units) 
998 r (CH3), d (CH) Helical (10 monomer units) 
* n : stretching, nas : anti-symmetric stretching, r : rocking, d : bending  
 
2.3.3 Peak fitting procedure 
 Raman spectra were fitted with a sum of Voigt functions using a nonlinear 
Levenberg–Marquardt method to estimate the peak position and integrated peak area. 
Figures 2-4 and 2-5 show the fitting results of undrawn HDPE and iPP specimens, 
respectively. As shown in Figures 2-4 and 2-5, all bands were well fitted with Voigt 
functions. Moreover, the fitting errors in the peak position and peak area were less than 





Figure 2-4. Raman spectra (circles) of undrawn HDPE in the ranges of (a) 1000–1200, 
 (b) 1250–1350, and (c)1350–1550 cm−1. The red and blue lines represent the 

























































Figure 2-4. Raman spectra (circles) of undrawn iPP in the ranges of (a) 1000–1200, (b) 
 1250–1350, and (c)1350–1550 cm−1. The red and blue lines represent the 
 fitting curves. 
 
2.4 Conclusions 
 A rheo-Raman spectroscopic system combined with a tensile tester was 
successfully developed, and real-time monitoring of Raman spectra under uniaxial 
stretching can be carried out in a very short time for HDPE and iPP. In the following 
chapters, the microscopic deformation behavior of HDPE and iPP is examined using rheo-
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  In the present chapter, a rheo-Raman spectroscopic system combined with a 
tensile tester was successfully developed, which enables us to investigate microscopic 
deformation behaviors such as the microscopic load sharing and molecular orientation of 
semi-crystalline polymer solids. The high-density polyethylene (HDPE) has the simplest 
chemical structure composed of carbon and hydrogen atoms; thus, it has been widely used 
as a model sample for the elucidation of the deformation behavior of semi-crystalline 
polymers.1 Thus, HDPE is selected as a sample to investigate the typical microscopic 
deformation mechanisms of semi-crystalline polymers. 
 The molecular orientation under uniaxial tension has been reported by rheo-
optical IR2-4 or near IR5-7 spectroscopy. According to previous studies, the crystalline 
chains of HDPE and LLDPE drastically orient into the stretching direction with necking 
deformation in the yielding region.2 Moreover, the molecular orientation of samples with 
a low crystallinity can be described with a simple affine deformation model using only 
one orientation function.8 However, considering that complicated morphological changes 
such as the fragmentation of lamellar clusters and the reorientation of lamellar blocks 
occur during the uniaxial deformation process of high-crystalline polymers9,10, the 
molecular orientation will be strongly affected by these morphological changes. As a 
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result, it is reported that the orientation behavior will not be represented by the simple 
affine deformation model. Thus, the analysis of the distribution of molecular orientation 
is required to elucidate the orientation mechanism of high-crystallinity polymers. 
Moreover, the microscopic load sharing of molecular chains has been reported using rheo-
optical IR spectroscopy.11,12 However, the load applied to the main chains of PE and PP 
cannot be measured using IR spectroscopy because the C–C stretching mode 
corresponding to main chain vibration is not IR active. The positions of the WAXD peaks 
are also influenced by the load applied to the crystalline structure. However, it is difficult 
to detect the peak shift in the diffraction peaks under uniaxial stretching because of the 
high values of the crystalline-phase modulus.13 On the other hand, microscopic load 
sharing is detected using Raman spectroscopy because the skeletal-chain vibration is 
strongly Raman active. 
 The purpose of this chapter is to investigate the molecular orientation 
distribution and the microscopic load sharing of molecular chains under uniaxial 
deformation using the rheo-Raman spectroscopic system developed in Chapter 2. 
 
3.2 Experimental 
3.2.1 Sample preparation and characterization 
 HDPE with Mw = 1.0×105 and Mw/Mn = 5.9 supplied from Tosoh Co. Ltd. (Tokyo, 
Japan) was used. The pellets were hot-pressed at 210°C and 20 MPa for 5 min followed 
by quenching in ice water to prepare a sample sheet with a 1 mm thickness. The 
volumetric crystallinity of samples estimated from the sample density was about 66 vol.%.  
 SAXS was performed using Nano-Viewer (Rigaku, Tokyo, Japan) with CuKa 




The two-dimensional scattering pattern was measured using an imaging plate with an 
exposure time of 30 min. The long period Lp, the thickness of the lamellar crystalline 
layer Lc, and the thickness of the amorphous layer La were obtained from the electron 
density correlation function method proposed by Strobl et al.14 When this method is 
applied to a sample with a high crystallinity (cc > 60%), the thickness of the amorphous 
layer and the most probable value of the long period are obtained as shown in Figure 3-





Figure 3-1. Schematic of the estimation method of the most probable long period Lp and 
 the thickness of the amorphous layer La from the electron density correlation 
 function of a partially crystalline polymer with a low crystallinity (cc < 50%). 
 The thickness of the crystalline layer is obtained from the difference between 







3.2.2 Microscopic load sharing of molecular chains 
 The peak positions in the IR and Raman band reflect the load applied to the 
molecular chains, the temperature, and the morphology of the samples.12 The shifts in the 
peaks in the Raman bands under uniaxial stretching are calculated from the deviation in 
the peak position n from that of the undrawn specimen n0 as 
 (3-2) 
where a is the peak shift coefficient, which indicates the sensitivity of the peak shift to 
the applied load. The peak shift is negative when a stretching load is applied to the 
molecules owning to the decrease in the spring constant. On the other hand, the peak shift 
is positive if a compressive load is applied to the molecules, resulting from the decrease 
in the spring constant (see Chapter 1.4.3). Moreover, it is known that the peak shift shows 
a linear relationship with the stress applied to the sample in the elastic region.11,12,15,16 
This means that the load sharing of molecular chains is quantitatively examined from the 
peak shift. 
The values of the peak shift coefficients under a tensile stress for the Raman 
bands of PE are listed in Table 3-1.12 For PE, the Raman band assigned to the anti-
symmetric stretching mode (1063 cm−1) is more sensitive to the stretching load compared 
with the band of the symmetric C–C stretching mode (1130 cm−1) because the peak shift 
coefficient of the 1063 cm−1 band is higher than that of the 1130 cm−1 band. On the other 
hand, the band at 1130 cm−1 has a higher peak shift coefficient under a compressive load 
than that at 1063 cm−1,17,18 suggesting that the 1130 cm−1 band is very sensitive to  
interchain interactions. This is because the molecular vibration of the symmetric C–C 
stretching mode is perpendicular to the molecular chain axis. 
 
 ⌫ = ⌫   ⌫0 =  ↵ ,




Table 3-1. Assignments of the peak shift coefficients under stretching load of the Raman 
 bands of polyethylene.12 
Raman shift /cm−1 a /cm−1 GPa−1 
1063 11.3 
1130  7.7 
 
3.2.3 Molecular orientation 
 The polarized intensity of the Raman band reflects the molecular orientation; 
thus, the orientation parameters representing the degree of molecular orientation are 
obtained from polarized Raman spectroscopy. Bower has developed a procedure for 






where q is the angle between the principal axis of the Raman tensor for each Raman band 
and the stretching direction. The polarized intensities of Raman bands with uniaxial 
symmetry under different polarization conditions are given in Equations (1-22) to (1-25). 
In this study, a simplified method for calculating these orientation parameters, which was 
proposed by Frisk et al.21, was used. According to this method, the polarized intensities 





hP2i = 3 hcos
2 ✓i   1
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Here, Iij denotes the polarized intensity for the i-polarized excitation and j-polarized 
scattered light. b is a constant including the instrument factor and the principal element 
of the Raman tensor. The term of a associated with the principal elements of the Raman 
tensor is assumed to be constant during deformation and is determined from the ratio of 
the polarized intensities for the undrawn specimen (  =  = 0) as 
 
(3-9) 
For PE, the Raman band at 1130 cm−1 assigned to the crystalline chains is used to 
calculate the orientation parameter because the form of the Raman tensor has uniaxial 
symmetry and its principal direction coincides with the molecular chain axis.  




where Pl(cosq ) represents the l-th Legendre polynomial. Although only two orientation 
parameters (  and ) are obtained from polarized Raman spectroscopy, the most 
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a2   2a + 1
21   4 hP4i




<latexit sha1_base64="CEiHBGMYa1k4S9Zat vOCVGOJTww=">AAAEJHicjVJNT9RAGH5L/QD8YNEDJl4aNxgM0kzXVYmJCUEPelvABRKKm+k4W8p2 22Y6u7A08wf8Ax48aaKJ8Wd48eDNcODC3XjExIsH33YbP9hsYZrOvPPO8zzvPO3rRL4XS0IOtBH9z Nlz50fHxi9cvHR5ojR5ZTUOO4LxOgv9UKw7NOa+F/C69KTP1yPBadvx+ZrTepSer3W5iL0weCZ7E d9sUzfwmh6jElON0uHTRmLHjPrcCXcTYt5TyV5PqYeGY9iLnuv6M4bdFJQl9PlxXEWpuQqdtVRi3V XGrGE7gra4TGoDiohUp5CpWMqYqw6XqZ5O5g7eJru7uGU2SmVikmwYg4GVB2XIRy2c1KbAhhcQAoM OtIFDABJjHyjE+GyABQQizG1CgjmBkZedc1AwjtwOojgiKGZbOLu428izAe5TzThjM6zi4yuQacA0 2ScfyBH5TD6Sb+TXUK0k00jv0sPV6XN51Jh4eW3l54msNq4Stv6yChgOolNckSsJTZjP3HjoLsoyq U/Wr9Dde3W08mB5OrlJ3pLv6PANOSCf0GPQ/cHeLfHl14X1BcYtjGXBtx10NhzpZooRotJ/FhdiA 5x3UHE3c5TOt//J/amGHWYd76fBYLViWsS0lqrlhcW810bhOtyAGeyn+7AAT6AGdWDaY21bizWpv9 e/6F/1/T50RMs5V+G/oR/+BrOxCYg=</latexit><latexit sha1_base64="CEiHBGMYa1k4S9Zat vOCVGOJTww=">AAAEJHicjVJNT9RAGH5L/QD8YNEDJl4aNxgM0kzXVYmJCUEPelvABRKKm+k4W8p2 22Y6u7A08wf8Ax48aaKJ8Wd48eDNcODC3XjExIsH33YbP9hsYZrOvPPO8zzvPO3rRL4XS0IOtBH9z Nlz50fHxi9cvHR5ojR5ZTUOO4LxOgv9UKw7NOa+F/C69KTP1yPBadvx+ZrTepSer3W5iL0weCZ7E d9sUzfwmh6jElON0uHTRmLHjPrcCXcTYt5TyV5PqYeGY9iLnuv6M4bdFJQl9PlxXEWpuQqdtVRi3V XGrGE7gra4TGoDiohUp5CpWMqYqw6XqZ5O5g7eJru7uGU2SmVikmwYg4GVB2XIRy2c1KbAhhcQAoM OtIFDABJjHyjE+GyABQQizG1CgjmBkZedc1AwjtwOojgiKGZbOLu428izAe5TzThjM6zi4yuQacA0 2ScfyBH5TD6Sb+TXUK0k00jv0sPV6XN51Jh4eW3l54msNq4Stv6yChgOolNckSsJTZjP3HjoLsoyq U/Wr9Dde3W08mB5OrlJ3pLv6PANOSCf0GPQ/cHeLfHl14X1BcYtjGXBtx10NhzpZooRotJ/FhdiA 5x3UHE3c5TOt//J/amGHWYd76fBYLViWsS0lqrlhcW810bhOtyAGeyn+7AAT6AGdWDaY21bizWpv9 e/6F/1/T50RMs5V+G/oR/+BrOxCYg=</latexit><latexit sha1_base64="CEiHBGMYa1k4S9Zat vOCVGOJTww=">AAAEJHicjVJNT9RAGH5L/QD8YNEDJl4aNxgM0kzXVYmJCUEPelvABRKKm+k4W8p2 22Y6u7A08wf8Ax48aaKJ8Wd48eDNcODC3XjExIsH33YbP9hsYZrOvPPO8zzvPO3rRL4XS0IOtBH9z Nlz50fHxi9cvHR5ojR5ZTUOO4LxOgv9UKw7NOa+F/C69KTP1yPBadvx+ZrTepSer3W5iL0weCZ7E d9sUzfwmh6jElON0uHTRmLHjPrcCXcTYt5TyV5PqYeGY9iLnuv6M4bdFJQl9PlxXEWpuQqdtVRi3V XGrGE7gra4TGoDiohUp5CpWMqYqw6XqZ5O5g7eJru7uGU2SmVikmwYg4GVB2XIRy2c1KbAhhcQAoM OtIFDABJjHyjE+GyABQQizG1CgjmBkZedc1AwjtwOojgiKGZbOLu428izAe5TzThjM6zi4yuQacA0 2ScfyBH5TD6Sb+TXUK0k00jv0sPV6XN51Jh4eW3l54msNq4Stv6yChgOolNckSsJTZjP3HjoLsoyq U/Wr9Dde3W08mB5OrlJ3pLv6PANOSCf0GPQ/cHeLfHl14X1BcYtjGXBtx10NhzpZooRotJ/FhdiA 5x3UHE3c5TOt//J/amGHWYd76fBYLViWsS0lqrlhcW810bhOtyAGeyn+7AAT6AGdWDaY21bizWpv9 e/6F/1/T50RMs5V+G/oR/+BrOxCYg=</latexit><latexit sha1_base64="CEiHBGMYa1k4S9Zat vOCVGOJTww=">AAAEJHicjVJNT9RAGH5L/QD8YNEDJl4aNxgM0kzXVYmJCUEPelvABRKKm+k4W8p2 22Y6u7A08wf8Ax48aaKJ8Wd48eDNcODC3XjExIsH33YbP9hsYZrOvPPO8zzvPO3rRL4XS0IOtBH9z Nlz50fHxi9cvHR5ojR5ZTUOO4LxOgv9UKw7NOa+F/C69KTP1yPBadvx+ZrTepSer3W5iL0weCZ7E d9sUzfwmh6jElON0uHTRmLHjPrcCXcTYt5TyV5PqYeGY9iLnuv6M4bdFJQl9PlxXEWpuQqdtVRi3V XGrGE7gra4TGoDiohUp5CpWMqYqw6XqZ5O5g7eJru7uGU2SmVikmwYg4GVB2XIRy2c1KbAhhcQAoM OtIFDABJjHyjE+GyABQQizG1CgjmBkZedc1AwjtwOojgiKGZbOLu428izAe5TzThjM6zi4yuQacA0 2ScfyBH5TD6Sb+TXUK0k00jv0sPV6XN51Jh4eW3l54msNq4Stv6yChgOolNckSsJTZjP3HjoLsoyq U/Wr9Dde3W08mB5OrlJ3pLv6PANOSCf0GPQ/cHeLfHl14X1BcYtjGXBtx10NhzpZooRotJ/FhdiA 5x3UHE3c5TOt//J/amGHWYd76fBYLViWsS0lqrlhcW810bhOtyAGeyn+7AAT6AGdWDaY21bizWpv9 e/6F/1/T50RMs5V+G/oR/+BrOxCYg=</latexit>
hP2i
<latexit sha1_base64="HcWp2gqMkDdslfPuEYv/N6onhIM=">AAADZHichVI9T9tQFD2Jy0eBkgBCVKqEI iKqDii6jlBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvEHGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5ickt3+l4hqgajuV427rmC8u0RVWa0hLbrie0tm6Jmt56H Z3XusLzTcd+Iw9dsdvWmra5ZxqaZKiRn63rntYSMqg0grpvaJbQnYOASi/DoByGYSNfpBLFo9AfqElQRDIqzkRmBnW8hQMDHbQhYENybEGDz88OVBBcxnYRMOZxZMbnAiFGWNthlmCGxmiL5ybvdhLU5n2U04/VBlex+PVYWc A8/aQvdEk/6JR+082DuYI4R/Qth7zqPa1wG7njp5vX/1W1eZXYv1elKHRmR7w0VxJ7WI7dmOzOjZHIp9Gr0D06udx8tTEfPKdPdMEOP9I5fWePdvfK+LwuNj6k1vc4bnEsU+6239nDzGac0WVW9M/8VK7N8zvOeBA7iuaFP7C 7atxh6r/91B9slUsqldT1xeLKatJrw3iGObzgflrCCtZQQZXrv8dXnOFb9pcypkwp0z1qNpNopvDXUGZvAY79wno=</latexit><latexit sha1_base64="HcWp2gqMkDdslfPuEYv/N6onhIM=">AAADZHichVI9T9tQFD2Jy0eBkgBCVKqEI iKqDii6jlBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvEHGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5ickt3+l4hqgajuV427rmC8u0RVWa0hLbrie0tm6Jmt56H Z3XusLzTcd+Iw9dsdvWmra5ZxqaZKiRn63rntYSMqg0grpvaJbQnYOASi/DoByGYSNfpBLFo9AfqElQRDIqzkRmBnW8hQMDHbQhYENybEGDz88OVBBcxnYRMOZxZMbnAiFGWNthlmCGxmiL5ybvdhLU5n2U04/VBlex+PVYWc A8/aQvdEk/6JR+082DuYI4R/Qth7zqPa1wG7njp5vX/1W1eZXYv1elKHRmR7w0VxJ7WI7dmOzOjZHIp9Gr0D06udx8tTEfPKdPdMEOP9I5fWePdvfK+LwuNj6k1vc4bnEsU+6239nDzGac0WVW9M/8VK7N8zvOeBA7iuaFP7C 7atxh6r/91B9slUsqldT1xeLKatJrw3iGObzgflrCCtZQQZXrv8dXnOFb9pcypkwp0z1qNpNopvDXUGZvAY79wno=</latexit><latexit sha1_base64="HcWp2gqMkDdslfPuEYv/N6onhIM=">AAADZHichVI9T9tQFD2Jy0eBkgBCVKqEI iKqDii6jlBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvEHGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5ickt3+l4hqgajuV427rmC8u0RVWa0hLbrie0tm6Jmt56H Z3XusLzTcd+Iw9dsdvWmra5ZxqaZKiRn63rntYSMqg0grpvaJbQnYOASi/DoByGYSNfpBLFo9AfqElQRDIqzkRmBnW8hQMDHbQhYENybEGDz88OVBBcxnYRMOZxZMbnAiFGWNthlmCGxmiL5ybvdhLU5n2U04/VBlex+PVYWc A8/aQvdEk/6JR+082DuYI4R/Qth7zqPa1wG7njp5vX/1W1eZXYv1elKHRmR7w0VxJ7WI7dmOzOjZHIp9Gr0D06udx8tTEfPKdPdMEOP9I5fWePdvfK+LwuNj6k1vc4bnEsU+6239nDzGac0WVW9M/8VK7N8zvOeBA7iuaFP7C 7atxh6r/91B9slUsqldT1xeLKatJrw3iGObzgflrCCtZQQZXrv8dXnOFb9pcypkwp0z1qNpNopvDXUGZvAY79wno=</latexit><latexit sha1_base64="HcWp2gqMkDdslfPuEYv/N6onhIM=">AAADZHichVI9T9tQFD2Jy0eBkgBCVKqEI iKqDii6jlBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvEHGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5ickt3+l4hqgajuV427rmC8u0RVWa0hLbrie0tm6Jmt56H Z3XusLzTcd+Iw9dsdvWmra5ZxqaZKiRn63rntYSMqg0grpvaJbQnYOASi/DoByGYSNfpBLFo9AfqElQRDIqzkRmBnW8hQMDHbQhYENybEGDz88OVBBcxnYRMOZxZMbnAiFGWNthlmCGxmiL5ybvdhLU5n2U04/VBlex+PVYWc A8/aQvdEk/6JR+082DuYI4R/Qth7zqPa1wG7njp5vX/1W1eZXYv1elKHRmR7w0VxJ7WI7dmOzOjZHIp9Gr0D06udx8tTEfPKdPdMEOP9I5fWePdvfK+LwuNj6k1vc4bnEsU+6239nDzGac0WVW9M/8VK7N8zvOeBA7iuaFP7C 7atxh6r/91B9slUsqldT1xeLKatJrw3iGObzgflrCCtZQQZXrv8dXnOFb9pcypkwp0z1qNpNopvDXUGZvAY79wno=</latexit>
hP4i




a2   2a + 1
8a2 + 4a + 3 .








<latexit sha1_base64="3fCCMWYtlBW60h2Ku +uI4TGT+Vc=">AAADp3ichVLLbtNAFL2peZTyaAoLkNiMiIoSUUXjCKkVUqUKNqwgbUkaqS7WeDpxR xk/NJ4EgpUf4AdYsAKJBeIzWMAPsOgnIMSqiG5YcO1YvKKasWbmzplz7vWxrxcrmRhKDytz1qnTZ8 7On1s4f+HipcXq0uVuEg01Fx0eqUj3PJYIJUPRMdIo0Yu1YIGnxI43uJfd74yETmQUPjLjWOwFzA9l X3JmEHKr7EHdMQfCsAZZJ04yDB47MuybsZuqdTohjid9X9WJ09eMpy11y56krQLWDdw1GwiTtl01wU nqJHV0QHiUIGeadsWt1miT5oPMBnYR1KAY7WipchUc2IcIOAwhAAEhGIwVMEjw2QUbKMSI7UGKmMZ I5vcCJrCA2iGyBDIYogNcfTztFmiI5yxnkqs5VlE4NSoJLNNP9C09oh/pO/qZ/jgxV5rnyN5ljLs31 YrYXXx+bfv4v6oAdwMHv1UlCg/ZGa/MlYE+rOVuJLqLcyTzyacVRs9eHG3f2VpOb9LX9As6fEUP6X v0GI6+8TebYutlaX2N8QBjU/JtZ52dzPTzjDGysn+WlHJDXJ9gxqe5o2xd+QP7VQ07zP63n2aDbqtp 06a9ebu2cbfotXm4Djegjv20ChtwH9rQwfof4Ct8h2OrYT20ulZvSp2rFJor8New2E/R09os</lat exit><latexit sha1_base64="3fCCMWYtlBW60h2Ku +uI4TGT+Vc=">AAADp3ichVLLbtNAFL2peZTyaAoLkNiMiIoSUUXjCKkVUqUKNqwgbUkaqS7WeDpxR xk/NJ4EgpUf4AdYsAKJBeIzWMAPsOgnIMSqiG5YcO1YvKKasWbmzplz7vWxrxcrmRhKDytz1qnTZ8 7On1s4f+HipcXq0uVuEg01Fx0eqUj3PJYIJUPRMdIo0Yu1YIGnxI43uJfd74yETmQUPjLjWOwFzA9l X3JmEHKr7EHdMQfCsAZZJ04yDB47MuybsZuqdTohjid9X9WJ09eMpy11y56krQLWDdw1GwiTtl01wU nqJHV0QHiUIGeadsWt1miT5oPMBnYR1KAY7WipchUc2IcIOAwhAAEhGIwVMEjw2QUbKMSI7UGKmMZ I5vcCJrCA2iGyBDIYogNcfTztFmiI5yxnkqs5VlE4NSoJLNNP9C09oh/pO/qZ/jgxV5rnyN5ljLs31 YrYXXx+bfv4v6oAdwMHv1UlCg/ZGa/MlYE+rOVuJLqLcyTzyacVRs9eHG3f2VpOb9LX9As6fEUP6X v0GI6+8TebYutlaX2N8QBjU/JtZ52dzPTzjDGysn+WlHJDXJ9gxqe5o2xd+QP7VQ07zP63n2aDbqtp 06a9ebu2cbfotXm4Djegjv20ChtwH9rQwfof4Ct8h2OrYT20ulZvSp2rFJor8New2E/R09os</lat exit><latexit sha1_base64="3fCCMWYtlBW60h2Ku +uI4TGT+Vc=">AAADp3ichVLLbtNAFL2peZTyaAoLkNiMiIoSUUXjCKkVUqUKNqwgbUkaqS7WeDpxR xk/NJ4EgpUf4AdYsAKJBeIzWMAPsOgnIMSqiG5YcO1YvKKasWbmzplz7vWxrxcrmRhKDytz1qnTZ8 7On1s4f+HipcXq0uVuEg01Fx0eqUj3PJYIJUPRMdIo0Yu1YIGnxI43uJfd74yETmQUPjLjWOwFzA9l X3JmEHKr7EHdMQfCsAZZJ04yDB47MuybsZuqdTohjid9X9WJ09eMpy11y56krQLWDdw1GwiTtl01wU nqJHV0QHiUIGeadsWt1miT5oPMBnYR1KAY7WipchUc2IcIOAwhAAEhGIwVMEjw2QUbKMSI7UGKmMZ I5vcCJrCA2iGyBDIYogNcfTztFmiI5yxnkqs5VlE4NSoJLNNP9C09oh/pO/qZ/jgxV5rnyN5ljLs31 YrYXXx+bfv4v6oAdwMHv1UlCg/ZGa/MlYE+rOVuJLqLcyTzyacVRs9eHG3f2VpOb9LX9As6fEUP6X v0GI6+8TebYutlaX2N8QBjU/JtZ52dzPTzjDGysn+WlHJDXJ9gxqe5o2xd+QP7VQ07zP63n2aDbqtp 06a9ebu2cbfotXm4Djegjv20ChtwH9rQwfof4Ct8h2OrYT20ulZvSp2rFJor8New2E/R09os</lat exit><latexit sha1_base64="3fCCMWYtlBW60h2Ku +uI4TGT+Vc=">AAADp3ichVLLbtNAFL2peZTyaAoLkNiMiIoSUUXjCKkVUqUKNqwgbUkaqS7WeDpxR xk/NJ4EgpUf4AdYsAKJBeIzWMAPsOgnIMSqiG5YcO1YvKKasWbmzplz7vWxrxcrmRhKDytz1qnTZ8 7On1s4f+HipcXq0uVuEg01Fx0eqUj3PJYIJUPRMdIo0Yu1YIGnxI43uJfd74yETmQUPjLjWOwFzA9l X3JmEHKr7EHdMQfCsAZZJ04yDB47MuybsZuqdTohjid9X9WJ09eMpy11y56krQLWDdw1GwiTtl01wU nqJHV0QHiUIGeadsWt1miT5oPMBnYR1KAY7WipchUc2IcIOAwhAAEhGIwVMEjw2QUbKMSI7UGKmMZ I5vcCJrCA2iGyBDIYogNcfTztFmiI5yxnkqs5VlE4NSoJLNNP9C09oh/pO/qZ/jgxV5rnyN5ljLs31 YrYXXx+bfv4v6oAdwMHv1UlCg/ZGa/MlYE+rOVuJLqLcyTzyacVRs9eHG3f2VpOb9LX9As6fEUP6X v0GI6+8TebYutlaX2N8QBjU/JtZ52dzPTzjDGysn+WlHJDXJ9gxqe5o2xd+QP7VQ07zP63n2aDbqtp 06a9ebu2cbfotXm4Djegjv20ChtwH9rQwfof4Ct8h2OrYT20ulZvSp2rFJor8New2E/R09os</lat exit>
hP2i
<latexit sha1_base64="HcWp2gqMkDdslfPuEYv/N 6onhIM=">AAADZHichVI9T9tQFD2Jy0eBkgBCVKqEIiKqDii6jlBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvE HGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5ick t3+l4hqgajuV427rmC8u0RVWa0hLbrie0tm6Jmt56HZ3XusLzTcd+Iw9dsdvWmra5ZxqaZKiRn63rntYSMqg0 grpvaJbQnYOASi/DoByGYSNfpBLFo9AfqElQRDIqzkRmBnW8hQMDHbQhYENybEGDz88OVBBcxnYRMOZxZMbn AiFGWNthlmCGxmiL5ybvdhLU5n2U04/VBlex+PVYWcA8/aQvdEk/6JR+082DuYI4R/Qth7zqPa1wG7njp5vX /1W1eZXYv1elKHRmR7w0VxJ7WI7dmOzOjZHIp9Gr0D06udx8tTEfPKdPdMEOP9I5fWePdvfK+LwuNj6k1vc4 bnEsU+6239nDzGac0WVW9M/8VK7N8zvOeBA7iuaFP7C7atxh6r/91B9slUsqldT1xeLKatJrw3iGObzgflrCC tZQQZXrv8dXnOFb9pcypkwp0z1qNpNopvDXUGZvAY79wno=</latexit><latexit sha1_base64="HcWp2gqMkDdslfPuEYv/N 6onhIM=">AAADZHichVI9T9tQFD2Jy0eBkgBCVKqEIiKqDii6jlBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvE HGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5ick t3+l4hqgajuV427rmC8u0RVWa0hLbrie0tm6Jmt56HZ3XusLzTcd+Iw9dsdvWmra5ZxqaZKiRn63rntYSMqg0 grpvaJbQnYOASi/DoByGYSNfpBLFo9AfqElQRDIqzkRmBnW8hQMDHbQhYENybEGDz88OVBBcxnYRMOZxZMbn AiFGWNthlmCGxmiL5ybvdhLU5n2U04/VBlex+PVYWcA8/aQvdEk/6JR+082DuYI4R/Qth7zqPa1wG7njp5vX /1W1eZXYv1elKHRmR7w0VxJ7WI7dmOzOjZHIp9Gr0D06udx8tTEfPKdPdMEOP9I5fWePdvfK+LwuNj6k1vc4 bnEsU+6239nDzGac0WVW9M/8VK7N8zvOeBA7iuaFP7C7atxh6r/91B9slUsqldT1xeLKatJrw3iGObzgflrCC tZQQZXrv8dXnOFb9pcypkwp0z1qNpNopvDXUGZvAY79wno=</latexit><latexit sha1_base64="HcWp2gqMkDdslfPuEYv/N 6onhIM=">AAADZHichVI9T9tQFD2Jy0eBkgBCVKqEIiKqDii6jlBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvE HGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5ick t3+l4hqgajuV427rmC8u0RVWa0hLbrie0tm6Jmt56HZ3XusLzTcd+Iw9dsdvWmra5ZxqaZKiRn63rntYSMqg0 grpvaJbQnYOASi/DoByGYSNfpBLFo9AfqElQRDIqzkRmBnW8hQMDHbQhYENybEGDz88OVBBcxnYRMOZxZMbn AiFGWNthlmCGxmiL5ybvdhLU5n2U04/VBlex+PVYWcA8/aQvdEk/6JR+082DuYI4R/Qth7zqPa1wG7njp5vX /1W1eZXYv1elKHRmR7w0VxJ7WI7dmOzOjZHIp9Gr0D06udx8tTEfPKdPdMEOP9I5fWePdvfK+LwuNj6k1vc4 bnEsU+6239nDzGac0WVW9M/8VK7N8zvOeBA7iuaFP7C7atxh6r/91B9slUsqldT1xeLKatJrw3iGObzgflrCC tZQQZXrv8dXnOFb9pcypkwp0z1qNpNopvDXUGZvAY79wno=</latexit><latexit sha1_base64="HcWp2gqMkDdslfPuEYv/N 6onhIM=">AAADZHichVI9T9tQFD2Jy0eBkgBCVKqEIiKqDii6jlBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvE HGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5ick t3+l4hqgajuV427rmC8u0RVWa0hLbrie0tm6Jmt56HZ3XusLzTcd+Iw9dsdvWmra5ZxqaZKiRn63rntYSMqg0 grpvaJbQnYOASi/DoByGYSNfpBLFo9AfqElQRDIqzkRmBnW8hQMDHbQhYENybEGDz88OVBBcxnYRMOZxZMbn AiFGWNthlmCGxmiL5ybvdhLU5n2U04/VBlex+PVYWcA8/aQvdEk/6JR+082DuYI4R/Qth7zqPa1wG7njp5vX /1W1eZXYv1elKHRmR7w0VxJ7WI7dmOzOjZHIp9Gr0D06udx8tTEfPKdPdMEOP9I5fWePdvfK+LwuNj6k1vc4 bnEsU+6239nDzGac0WVW9M/8VK7N8zvOeBA7iuaFP7C7atxh6r/91B9slUsqldT1xeLKatJrw3iGObzgflrCC tZQQZXrv8dXnOFb9pcypkwp0z1qNpNopvDXUGZvAY79wno=</latexit>
hP4i
<latexit sha1_base64="BZuVcOhNasu98sNHTigjT 8SyWGQ=">AAADZHichVI9T9tQFD2Jy0eBkgSEqFQJRURUHVB0jVBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvE HGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5wsS W73Q8Q1QNx3K8bV3zhWXaoipNaYlt1xNaW7dETW+9js5rXeH5pmO/kYeu2G1rTdvcMw1NMtTIz9R1T2sJGVQa Qd03NEvozkFA5ZdhsBiGYSNfojLFo9gfqElQQjIqTiEzjTrewoGBDtoQsCE5tqDB52cHKgguY7sIGPM4MuNz gRAjrO0wSzBDY7TFc5N3Owlq8z7K6cdqg6tY/HqsLGKOftIXuqQfdEq/6ebBXEGcI/qWQ171nla4jdzx083r /6ravErs36tSFDqzI16aK4k9LMduTHbnxkjk0+hV6B6dXG6+2pgLntMnumCHH+mcvrNHu3tlfF4XGx9S63sc tziWKXfb7+xhZjPO6DIr+md+Ktfm+R1nPIgdRfP8H9hdNe4w9d9+6g+2FsoqldX1xdLKatJrw3iGWbzgflrCC tZQQZXrv8dXnOFb9pcypkwqUz1qNpNoJvHXUGZuAZTFwnw=</latexit><latexit sha1_base64="BZuVcOhNasu98sNHTigjT 8SyWGQ=">AAADZHichVI9T9tQFD2Jy0eBkgSEqFQJRURUHVB0jVBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvE HGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5wsS W73Q8Q1QNx3K8bV3zhWXaoipNaYlt1xNaW7dETW+9js5rXeH5pmO/kYeu2G1rTdvcMw1NMtTIz9R1T2sJGVQa Qd03NEvozkFA5ZdhsBiGYSNfojLFo9gfqElQQjIqTiEzjTrewoGBDtoQsCE5tqDB52cHKgguY7sIGPM4MuNz gRAjrO0wSzBDY7TFc5N3Owlq8z7K6cdqg6tY/HqsLGKOftIXuqQfdEq/6ebBXEGcI/qWQ171nla4jdzx083r /6ravErs36tSFDqzI16aK4k9LMduTHbnxkjk0+hV6B6dXG6+2pgLntMnumCHH+mcvrNHu3tlfF4XGx9S63sc tziWKXfb7+xhZjPO6DIr+md+Ktfm+R1nPIgdRfP8H9hdNe4w9d9+6g+2FsoqldX1xdLKatJrw3iGWbzgflrCC tZQQZXrv8dXnOFb9pcypkwqUz1qNpNoJvHXUGZuAZTFwnw=</latexit><latexit sha1_base64="BZuVcOhNasu98sNHTigjT 8SyWGQ=">AAADZHichVI9T9tQFD2Jy0eBkgSEqFQJRURUHVB0jVBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvE HGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5wsS W73Q8Q1QNx3K8bV3zhWXaoipNaYlt1xNaW7dETW+9js5rXeH5pmO/kYeu2G1rTdvcMw1NMtTIz9R1T2sJGVQa Qd03NEvozkFA5ZdhsBiGYSNfojLFo9gfqElQQjIqTiEzjTrewoGBDtoQsCE5tqDB52cHKgguY7sIGPM4MuNz gRAjrO0wSzBDY7TFc5N3Owlq8z7K6cdqg6tY/HqsLGKOftIXuqQfdEq/6ebBXEGcI/qWQ171nla4jdzx083r /6ravErs36tSFDqzI16aK4k9LMduTHbnxkjk0+hV6B6dXG6+2pgLntMnumCHH+mcvrNHu3tlfF4XGx9S63sc tziWKXfb7+xhZjPO6DIr+md+Ktfm+R1nPIgdRfP8H9hdNe4w9d9+6g+2FsoqldX1xdLKatJrw3iGWbzgflrCC tZQQZXrv8dXnOFb9pcypkwqUz1qNpNoJvHXUGZuAZTFwnw=</latexit><latexit sha1_base64="BZuVcOhNasu98sNHTigjT 8SyWGQ=">AAADZHichVI9T9tQFD2Jy0eBkgSEqFQJRURUHVB0jVBBnRBdGAM0BImgyHYfwYpjW/ZLCljeOvE HGDq1UoeWkf6DLv0DHfgDlSpGkFgYuHYsaBvhPsvv3XfeOff6PF/dtUxfEp1nssqjgcGh4ccjo2NPxnP5wsS W73Q8Q1QNx3K8bV3zhWXaoipNaYlt1xNaW7dETW+9js5rXeH5pmO/kYeu2G1rTdvcMw1NMtTIz9R1T2sJGVQa Qd03NEvozkFA5ZdhsBiGYSNfojLFo9gfqElQQjIqTiEzjTrewoGBDtoQsCE5tqDB52cHKgguY7sIGPM4MuNz gRAjrO0wSzBDY7TFc5N3Owlq8z7K6cdqg6tY/HqsLGKOftIXuqQfdEq/6ebBXEGcI/qWQ171nla4jdzx083r /6ravErs36tSFDqzI16aK4k9LMduTHbnxkjk0+hV6B6dXG6+2pgLntMnumCHH+mcvrNHu3tlfF4XGx9S63sc tziWKXfb7+xhZjPO6DIr+md+Ktfm+R1nPIgdRfP8H9hdNe4w9d9+6g+2FsoqldX1xdLKatJrw3iGWbzgflrCC tZQQZXrv8dXnOFb9pcypkwqUz1qNpNoJvHXUGZuAZTFwnw=</latexit>
N (✓) =
exp[ 2P2(cos✓) +  4P4(cos✓)]R ⇡
0 sin✓d✓ exp[ 2P2(cos✓) +  4P4(cos✓)]
,














3.3 Results and Discussion 
3.3.1 Microscopic load sharing 
 Figure 3-2 shows the Raman spectra in the range of 1000–1200 cm−1 during the 
uniaxial stretching process of HDPE. The two sharp Raman bands at 1063 and 1130 cm−1 
moved to lower wavenumbers with increasing strain. Moreover, the Raman band at 1130 
cm−1 slightly shifted to a higher wavenumber at e = 1.1, corresponding to the yielding 
region although that at 1063 cm−1 shifted to a lower wavenumber, suggesting anisotropic 
load sharing of the crystalline structure. Note that the shapes of the two Raman bands at 
e = 10.0 were almost same as those at e = 0.0; thus, the stress distribution of the molecular 
chains is unchanged during uniaxial stretching. 
 
 
Figure 3-2. Raman spectra in the range of 1000–1200 cm−1 of HDPE under uniaxial 
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 The strain dependencies of the peak shifts Dn1063 and Dn1130 along with the 
stress–strain curve of HDPE are presented in Figure 3-3. In the elastic region, both peak 
shifts were almost zero, although the macroscopic stress showed a drastic increase with 
increasing strain. If the stretching load applied to the specimen is directly propagated to 
the crystalline chains, peak shifts of Dn1063 and Dn1130 are calculated to be about −0.3 cm−1 
and −0.2 cm−1, respectively, using the peak shift coefficients shown in Table 3-1. Thus, it 
is found that almost no load is applied to the crystalline phase in the elastic region because 
of the slight peak shifts. It has been reported theoretically24 and experimentally13,25,26 that 
the stress is mainly concentrated on the interlamellar amorphous region in the elastic zone, 
which is in good agreement with the results of the peak shift.  
 Dn1063 drastically decreased beyond the yielding point, meaning that the 
stretching load is applied along the molecular chain axis of the crystalline chains. On the 
other hand, Dn1130 showed a maximum around the second yielding point corresponding 
to the concave point in the yielding region. G’Sell et al. reported that a compressive load 
arises on the lateral axis of a uniaxially stretched specimen owning to the triaxial effect 
with necking deformation.27 Thus, a compressive load applied perpendicular to the 
molecular chain arises from the macroscopic compressive stress accompanied with 
necking. 
 In the strain-hardening region, both peak shifts decreased with increasing strain. 
Moreover, the absolute value of the peak shift in the Raman band at 1063 cm−1 was about 
1.5 times that at 1130 cm−1, which is in good agreement with the values of the peak shift 
coefficients (a1063 = 11.3 and a1130 = 7.7). These results suggest that the stretching load is 





Figure 3-3. Strain dependencies of the peak shifts Dn1063 and Dn1130 along with the 
 stress–strain curve of HDPE under uniaxial stretching at 0.5 min−1 and 20°C. 
 
 
3.3.2 Molecular orientation 
 The strain dependencies of the orientation parameters along with the stress–
strain curve are shown in Figure 3-4. Figure 3-5 shows the ODFs at various strains as a 
function of the polar angle q. In the elastic region, both orientation parameters were 
almost zero, and the ODF was independent of the polar angle, suggesting a random 
molecular orientation. This is in good agreement with the IR2,4,28 and WAXD29 results 
































 Beyond the yielding point,  began to increase with increasing strain, 
although  decreased and showed a minimum around the second yield point. The 
ODF showed a broad peak at the intermediate directions (30°–50°) and not along the 
stretching direction. Similar results for the molecular orientation in the yielding region 
were observed for the results of the wide-angle X-ray scattering of drawn HDPE 
samples.32 Considering that the lamellar cluster units composed of a few lamellar crystals 
are formed as the mobile unit beyond the yielding region10,30,31, this oblique molecular 
orientation of the crystalline chains is interpreted as the suppression of molecular 
orientation due to the excluded volume effects of the bulky and rigid lamellar cluster units. 
 Both orientation parameters drastically increased in the strain-hardening region 
and reached an asymptotic value. Moreover, the ODFs showed a sharp peak in the 
stretching direction, suggesting that the crystalline chains simply and highly orient into 
the stretching direction. Therefore, the molecular orientation of the crystalline chains is 
almost completed beyond the yielding region. This molecular orientation behavior in the 
strain-hardening region has also been reported by using an in-situ IR or NIR 
spectroscopy.2,7 
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Figure 3-4. Strain dependencies of the orientation parameters along with the stress–strain 
 curve of HDPE under uniaxial tension at 0.5 min−1 and 20°C. 
 
Figure 3-5. Orientation distribution functions at various strains for HDPE under uniaxial 
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3.3.3 Deformation mechanism of semi-crystalline polymers 
 According to the results for the peak shifts and the molecular orientation of 
HDPE, the typical deformation mechanism of semi-crystalline polymers under uniaxial 
tension is proposed and shown in Figure 3-6.  
 In the elastic region where the macroscopic stress linearly increases with 
increasing strain, the peak shifts and orientation parameters of crystalline chains were 
essentially unchanged. According to the theoretical and experimental results for the 
deformation behavior of spherulites, the interlamellar amorphous layers localized in the 
equatorial zone of spherulites are mainly stretched under uniaxial deformation.13,24-26 
Thus, the deformation of the specimen is mainly concentrated in the amorphous region in 
the elastic region. 
 At the yield point around e = 0.6, spherulites collapse and the lamellar crystals 
are fragmented into smaller lamellar crystalline blocks. According to Nitta-
Takayanagi,10,30,31 the lamellar clusters composed of a few stacked lamellae are 
fragmented into lamellar cluster units as the mobile units in yielding deformation, the size 
of which is determined by the average end-to-end distance of the molecular chains in the 
melt state. The lamellar cluster units localized in the equatorial zone are already oriented 
along the stretching direction; thus, the stretching load is applied along the molecular 
chains. On the other hand, the rotational deformation of the lamellar cluster units in the 
polar zone begins beyond the yielding point, resulting in a slight increase in the 
orientation parameter . Beyond the first yielding point, a compressive load is applied 
to the crystalline chains, which is caused by the macroscopic transverse compressive 
stress due to Poisson shrinkage during the necking deformation process.  
 Around the second yielding point, the stretching load is simply applied to the 
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crystalline chains. Moreover, the ODF showed a broad peak at intermediate directions 
(30°–50°), and the intensity in the perpendicular region (q ~ 90°) decreased with 
increasing strain. These results suggest the onset of the molecular orientation of the 
lamellar cluster units in the equatorial zone. However, the molecular orientation into the 
stretching direction is suppressed by the excluded volume effect of the rigid and bulky 
lamellar cluster units, resulting in oblique orientation into an intermediate direction.  
 In the strain-hardening region, the reorientation of the lamellar cluster units is 
almost completed and the molecular chains highly orient into the stretching direction 
because both orientation parameters reach an asymptotic value. Moreover, the stretching 
















Figure 3-6. Schematic of the microscopic deformation model of semi-




































 In situ Raman spectroscopy was performed to investigate microscopic 
deformation behavior such as load sharing and molecular orientation under uniaxial 
stretching process. Moreover, a deformation model for the semi-crystalline polymers was 
proposed on the basis of the obtained results.  
 In the yielding region, the peak shift in the symmetric C–C stretching mode 
showed positive values, while the peak shift in the anti-symmetric vibration mode showed 
negative values. This anisotropic load sharing in the yielding region is caused by the 
lateral shrinkage of the specimen accompanied with a drastic decrease in the cross-
sectional area. Moreover, an oblique molecular orientation of the crystalline chains was 
detected by in situ Raman spectroscopy, which is interpreted as the suppression of the 
molecular orientation caused by the excluded volume effect of the lamellar cluster units. 
Beyond the yielding region, the crystalline chains are highly oriented into the stretching 
direction, and the stretching load is simply applied to the molecular chains, suggesting a 
morphological transformation from a spherulitic structure to a fibrillar structure. These 
results in the strain-hardening region are in good agreement with the typical microscopic 
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 In the previous chapter, the microscopic load sharing and molecular orientation 
of crystalline chains for high-density polyethylene (HDPE) were examined in situ and a 
deformation model for uniaxial tension was proposed. The crystalline structure of HDPE 
is composed of consecutive trans chains, which is obviously different from the crystalline 
structure of isotactic polypropylene (iPP). Because iPP is also a typical semi-crystalline 
polymer and is widely used in various products, understanding the microscopic 
deformation behavior of iPP is required.  
 For iPP, the molecular chains with methylene groups form a 31 helical 
conformation in the crystalline phase, resulting in a more complicated crystalline 
morphology compared with that of PE.1 An iPP sample with a-type crystalline structure 
forms a cross-hatched lamellar morphology composed of the epitaxial growth of lamellar 
crystals called “daughter lamellae” from an interface of an already grown lamellar 
crystals called “parent lamellae”.2-4 Moreover, the methyl groups suppress the formation 
of the trans conformation, resulting in a more random conformational state of the 
amorphous molecular chains compared with that of PE. Thus, the microscopic 
deformation behavior of iPP is considered to be quite different from that of HDPE 




 The molecular orientation of iPP has been extensively studied using WAXD and 
Raman spectroscopy because of the importance of the molecular orientation to the 
mechanical properties.5-7 In particular, an analytical method for the molecular orientation 
of iPP using Raman spectroscopy is required because the Raman spectrum can be easily 
measured in a non-destructive and non-contact manner. However, the disagreement 
between the molecular chain axis and the principal axis of the Raman tensor, called the 
tilt angle, makes it difficult to evaluate the orientation parameters using Raman 
spectroscopy.8 In a previous study, a correction method for the tilt angle of the Raman 
bands was proposed using a method combining Raman spectroscopy and WAXD.9 
However, some doubt remains regarding the accuracy of this correction method because 
the corrected orientation parameters are quite different for each Raman band. 
 In this chapter, we develop a new correction method for the tilt angle for 
evaluating accurate values of the orientation parameters using Raman spectroscopy. 
Moreover, the microscopic deformation behavior of iPP under uniaxial tension is 
compared with that of PE to elucidate the influences of the crystalline and amorphous 
morphologies on the microscopic deformation mechanism. 
 
4.2 Experimental 
4.2.1 Sample preparation and characterization 
 Ziegler-Natta-catalyzed homo iPP with Mw = 4.9×105 and Mw/Mn = 4.4 supplied 
from Union Polymer Material Co. Ltd. (Dalian, China) was used. The pellet samples were 
compression-molded at 230°C and 20 MPa, followed by quenching in boiled water to 
prepare a sample sheet with a 1 mm thickness. The sample density was determined to be 
908 kg m−3 by Archimedes method. The volumetric crystallinity was about 66 vol.% from 
Chapter 4 
 66 
the sample density, where the crystalline and amorphous densities were assumed to be 
936 and 854 kg m−3, respectively. 
 Small-angle X-ray scattering (SAXS) was performed to measure the size of the 
lamellar structure using Nano-Viewer (Rigaku, Tokyo, Japan) with CuKa radiation at 40 
kV and 30 mA. The values of Lp, Lc, and La of the iPP sample were 22.5, 14.8, and 7.7 
nm, respectively.  
 
4.2.2 Microscopic load sharing of molecular chains 
 The peak shift defined in Equation (3-2) was calculated for the Raman bands at 
809 and 998 cm−1 assigned to the C‒C stretching and CH3 rocking modes, respectively. 
The values of the peak shift coefficients under tension for both Raman bands are listed in 
Table 4-1.10,11 The skeletal molecular vibration of the anti-symmetric C–C stretching 
mode has been used to examine the load applied to the main chains of iPP. Although the 
CH3 rocking mode has a low peak shift coefficient under a tensile stress, these side chain 
vibrations are very sensitive to interchain interactions.  
 
Table 4-1. Assignments of the peak shift coefficients of the Raman bands of iPP.10,11 




4.2.3 Molecular orientation 
 Two orientation parameters,  and , were obtained from the polarized 
Raman spectra of iPP under uniaxial tension. The molecular chains of iPP form a 31 
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helical conformation in its crystalline phase, hence, the crystalline structure of iPP is 
classified as having C3 symmetry.12,13 The tensor forms of the bands at 809 and 975 cm−1 
belong to the A type, which is generally used for the calculation of the orientation 
parameters.14 The orientation parameters calculated from Equations (3-6)–(3-9) provide 
information about the orientation of the principal axis of the Raman tensor and not about 
the orientation of the molecular chain axis. Thus, the correction for the angle between the 
principal axis and the molecular chain axis, which is called the tilt angle, is required for 
the accurate evaluation of the molecular orientation. On the basis of the correction method 
for WAXD measurements15, the corrected orientation parameter  is obtained from 
the following equation: 
 
(4-1) 
Here, Pl(x) is the l-th Legendre polynomial. 





In this study, the molecular orientation in the highly oriented region is assumed to be an 
ideal uniaxial orientation around the stretching direction so that  and P4(cosb) can 
be replaced with the entropically favorable values  and P4,mp(cosb), respectively. 
In fact, the molecular orientation of the crystalline chains of PE17,18, PP9, and 
polyethylene(terephthalate)19 in the strain-hardening region was reported to reach an ideal 
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Here, the most-probable value of  was determined to maximize the information 
entropy and is approximately expressed as 
 (4-5) 
By using the orientation parameters of highly drawn iPP samples, the tilt angle b can be 
calculated using Equations (4-2) and (4-4). 
Moreover, the most-probable ODF was calculated using Equation (3-11) with 
the corrected orientation parameters. 
 
4.3 Results and Discussion 
4.3.1 Microscopic load sharing 
 The stress‒strain curve and strain dependencies of the peak shifts of the 809 and 
998 cm−1 bands are shown in Figure 4-1. Both peak shifts were almost zero in the elastic 
region, suggesting almost no load is applied to the crystalline chains. This strain 
independency of the peak shifts is consistent with the previous results that the 
deformation is concentrated in the amorphous region.20-22 In the yielding region, the 
stretching load is applied along the molecular chain axis because the peak shift of 809 
cm−1 was negative. On the other hand, the peak shift of 998 cm−1 increased with 
increasing strain and showed a maximum in the yielding region. Considering that the CH3 
rocking mode is sensitive to intermolecular interactions, a compressive load arises 
perpendicular to the crystalline structure—the same as HDPE. Beyond the yielding region, 
the peak shift of 809 cm−1 suddenly decreased with increasing strain and was negative in 
the strain-hardening region. Moreover, the peak shift of 998 cm−1 reached almost zero, 
suggesting that almost no load is applied perpendicular to the molecular chain axis. Thus, 
these results mean that the stretching load is simply applied to the crystalline chains. 
hP4i
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Figure 4-1. Strain dependences of the peak shifts (Dn809 and Dn998) along with the 
 stress–strain curve of iPP at 0.5 min−1 and 20°C. 
 
4.3.2 Molecular orientation 
 The orientation parameters without the tilt-angle correction are plotted against 
the strain along with the stress–strain curve in Figure 4-2. While both orientation 
parameters obtained from the Raman bands at 809 and 975 cm−1 showed a similar strain 
dependence, the values of the orientation parameters obtained from the 809 cm−1 band 
were obviously smaller than those from the 975 cm−1 band, which results from the 
different values of the tilt angle for each Raman band. The tilt angles of the Raman bands 
obtained from Equations (4-2) and (4-4) are tabulated in Table 4-2 with the previously 



































Figure 4-2. Stress–strain curves and strain dependences of the orientation parameters 
 without the tilt-angle correction for the Raman bands at (a) 809 cm−1 and 




Table 4-2. Tilt angle b obtained from Raman spectroscopy and WAXD. 
Raman shift /cm−1 Tilt angle (Raman) Tilt angle (WAXD)9 
809 29.2 28.0 
975 16.0 16.6 
 
Figure 4-3 presents the strain dependencies of the tilt-angle-corrected orientation 
parameters and the stress–strain curves of iPP. The ODFs calculated from the values of 
the orientation parameters at various strains are shown in Figure 4-4. At first, the 
corrected values of   and  for the 809 and 975 cm−1 bands were almost the same 
under uniaxial stretching, suggesting that the influence of the tilt angle on the orientation 
parameters were properly corrected by the present tilt-angle correction method. The 
crystalline chains began to orient along the stretching direction beyond the yielding point 
because  drastically increased with increasing strain. Moreover,  showed a 
minimum, and a broad peak at intermediate direction (30°-50°) was observed in the ODFs 
at e = 0.1 to 0.3. These results indicate that the oblique molecular orientation is caused by 
the suppression of the lamellar cluster units, as same as the orientation behavior of HDPE. 
In the strain-hardening region, both parameters drastically increased and reached 
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Figure 4-3. Stress–strain curves and strain dependences of the tilt-angle corrected 






 The microscopic deformation behavior of iPP with a-crystalline structure under 
uniaxial tension was examined using rheo-Raman spectroscopy. Moreover, a new method 
of tilt-angle correction using the principle of maximum entropy was successfully 
developed, which allows accurate values of the orientation parameters to be obtained 
using Raman spectroscopy.  
 In the yielding region, the interchain distance decreases owning to the 
compressive load applied perpendicular to the molecular chains accompanied with 
necking deformation, as same as HDPE. Moreover, the orientation of the crystalline 
chains along the stretching direction is suppressed under yielding deformation, resulting 
in oblique orientation into an intermediate direction. Note that the decrease in  
observed for iPP is slightly larger than that for HDPE, which may be caused by the larger 
size of the lamellar cluster units (61 nm for iPP and 40 nm for HDPE in Chapter 3). In 
addition, the molecular orientation of iPP proceeds more drastically compared with that 
of HDPE, which may reflect the sharpness of the yielding deformation of iPP. Beyond 
the yielding region, the stretching load is simply applied to the highly-oriented crystalline 
chains. 
According to the present results, the microscopic deformation behavior of iPP 
under uniaxial stretching is very similar to that of HDPE although the morphology of iPP 
is obviously different than that of HDPE. Thus, it is concluded that the deformation model 
proposed in Chapter 3 is commonly applied to the uniaxial deformation behavior of 
various semi-crystalline polymers. However, some authors reported that iPP with a-type 
crystalline structure shows bimodal molecular orientation in the highly strained region 
due to the existence of daughter lamellae.23 These differences in the microscopic 
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deformation behaviors of iPP and HDPE may be detected using a Raman microscope, 
which is capable of measuring structural changes occurring at a length scale of about 1µm. 
Thus, a rheo-Raman spectroscopic system using a Raman microscope will be very useful 
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Influences of Molecular Weight on Uniaxial Deformation 
Behavior of High-Density Polyethylene Solids 
 
5.1 Introduction 
  The weight-averaged molecular weight and its distribution are the most 
important molecular parameters characterizing polymeric materials. As is well known, 
the rheological properties are strongly dependent on the molecular weight and its 
distribution. The molecular weight dependence of the viscoelastic properties in the melt 
has been extensively studied.1-3 The processability of typical polymers with a narrow 
molecular weight distribution is inferior to those with a wide molecular weight 
distribution. In addition, their mechanical properties in the solid, such as the extensibility 
and strength, have been also identified from an industrial point of view. 
The dependencies of the morphology and mechanical properties on the 
molecular weight distribution have been extensively studied using various analytical 
methods.4-8 Smith et al. investigated the influences of Mw/Mn on the tensile strength of 
highly oriented polyethylenes with various Mw and Mw/Mn and proposed that the strength 
of the oriented samples showed a negative relationship with Mw/Mn.9 However, both Mw 
and Mw/Mn are changed for the samples used in most papers, which makes it difficult to 
understand the effects of the molecular weight on the mechanical properties in order to 
clarify the influence of Mw and Mw/Mn on the mechanical properties separately. For a 




two sets of polymers with different Mw with a fixed Mw/Mn in addition to different Mw/Mn 
with a fixed Mw. 
 In this chapter, high-density polyethylene (HDPE) samples with various Mw and 
Mw/Mn were prepared to elucidate the influences of Mw and Mw/Mn on the morphology 
and tensile properties. To characterize the structural morphology of the samples, various 
analytical methods such as small-angle X-ray scattering (SAXS), wide-angle X-ray 
diffraction (WAXD), and Raman spectroscopy were carried out. The microscopic 
deformation behavior obtained from the Raman spectra under tension has been 
investigated using a series of HDPE samples. 
 
5.2 Experimental 
5.2.1 Sample preparation 
 Ziegler-Natta-catalyzed homo HDPEs with various weight-averaged molecular 
weights (Mw) and almost the same polydispersity index (Mw/Mn) supplied by Tosoh Co. 
Ltd. were used. In addition, another set of HDPEs with various Mw/Mn and almost the 
same value of Mw supplied by Japan Polychem Corporation was also used. The 
characteristics of all samples are summarized in Tables 5-1 and 5-2. The numeral of the 
M series in the sample code denotes Mw in 103, and that of the D series denotes the 
rounded Mw/Mn. HDPE6D and HDPE34D were blended at 190°C and 50 rpm at various 
fractions to prepare HDPE12D and HDPE22D. Note that HDPE6D and HDPE34D were 
also kneaded under the same conditions to exclude the influence of the blending 
procedure. The pellet samples were compression-molded at 210°C and 20 MPa for 5 min 
to prepare sample sheets with a thickness of about 1 mm. The crystallinity of the samples 
was adjusted to be the same value by annealing at various temperatures for 5 h. The values 
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of the volumetric crystallinity listed in Table 5-1 for the samples were calculated from the 
sample density values obtained using Archimedes method. 
 
 
Table 5-1. Characteristics of HDPEs with different weight-averaged molecular weights. 
Sample code Mw/104 Mw/Mn Ta/°C cv/vol.% Lp/nm Lc/nm 
HDPE52M  5.2 5.2  60 66 19.4 13.4 
HDPE75M  7.5 6.3  80 66 22.1 15.6 
HDPE100M 10.0 5.9 100 66 22.3 16.0 
HDPE153M 15.3 6.3 110 66 24.8 18.5 
Ta: annealing temperature, cv: volumetric crystallinity Lp: long period, Lc: thickness of 
lamellar crystal 
 
Table 5-2. Characteristics of HDPE samples with different polydispersity indexes. 
Sample code Mw/104 Mw/Mn w /wt.% Ta/°C cv/vol.% Lp/nm Lc/nm 
HDPE6D 15.3  6.3  0  40 59 19.5 14.6 
HDPE12D 15.6 11.7 30  60 60 19.2 14.5 
HDPE22D 16.3 21.7 70 100 60 19.0 14.3 
HDPE34D 16.8 34.4 100 110 59 19.2 14.6 
w : weight fraction of HDPE34.4D, Ta: annealing temperature, cv: volumetric crystallinity 










High-temperature gel permeation chromatography (HT-GPC) (Viscotek Triple 
Detector, Malvern Instruments, Worcestershire, UK) was performed at 140°C. o-
dichlorobenzene with 0.05% butylated hydroxytoluene as an antioxidant was used as the 
solvent. Polystyrene (PS) standard samples were used for column calibration. Moreover, 
the molecular weights in terms of PS were converted to be in terms of PE using a 
calibration coefficient of 0.38 obtained from the molecular weight distribution of PE 
standard samples (Polymer Laboratories Ltd., Mw is in the range of 800–119,600 with 
Mw/Mn ~ 1.1).  
 Figure 5-1 presents the GPC curves for all HDPE samples. The values of Mw and 
Mw/Mn calculated from these GPC curves are listed in Tables 5-1 and 5-2. For HDPEs 
with different Mw, the peak positions of the GPC curves were obviously different for each 
sample with an almost constant width. On the other hand, the width of the GPC curves of 
HDPEs with different Mw/Mn increased with increasing HDPE34.4D content although the 






Figure 5-1. GPC curves of HDPEs with different (a) weight-averaged molecular 
 weights and (b) polydispersity indexes. 
 
Evaluation of the size of the lamellar structure 
 The size of the lamellar morphology was determined by SAXS using the electron 
density correlation function method.10 Two-dimensional X-ray patterns were measured 
by using Nano-Viewer (Rigaku, Tokyo, Japan) with CuKa radiation (40 kV and 30 mA) 










































and the long period are listed in Tables 5-1 and 5-2.  
Low-frequency Raman spectra in the range of −20 to −3.2 cm−1 and 3.2 to 100 
cm−1 were measured using a double monochromator (JOBIN YVON U-1000, Bensheim, 
Germany) with an Ar+ laser having a wavelength of 488 nm and a power of 50 mW as 
the incident light. The Raman intensities were measured at 25°C with an exposure time 
of 2 s every 0.2 cm−1. The Raman band assigned to the longitudinal acoustic mode (LAM) 
was observed in the low-frequency region (5–100 cm−1) for semi-crystalline polymers.11-
151 It has been reported that the peak position of the LAM band can be expressed in terms 
of the length of the straight-chain segment (SCS) LSCS as11-15 
 
(5-1) 
where c is the speed of light, Ec is the crystalline-phase modulus, and rc is the density of 
the crystalline phase. For PE, LSCS was calculated with Ec = 2.9×109 Pa and rc = 1003 kg 
m−3.16 Note that LSCS is slightly larger than the thickness of the lamellar crystalline layer 
because LSCS includes the thickness of the interfacial layer of the crystalline layer.17 
 The Raman spectra of HDPEs with various Mw in the low-frequency regions are 
presented in Figure 5-2(a). Moreover, LSCS and its full width at half maximum (FWHM) 
are shown in Figure 5-2(b). LSCS increased linearly with increasing Mw, which is in good 
agreement with the SAXS data in Table 5-1. Figure 5-3(a) shows the Raman spectra in 
the lower-frequency regions for HDPE samples with different Mw/Mn. A single Raman 
band assigned to LAM-1 of the SCS was observed at about 18 cm−1 for all samples. LSCS 
and its FWHM estimated using Equation (5-1) are shown in Figure 5-3(b). LSCS and its 
FWHM remained almost constant irrespective of Mw/Mn, which indicates the 











 Considering that the values of Mw were almost constant for the HDPE samples, 
the independence of Mw/Mn on the size of the lamellar structure indicates that Mw is a 
core element determining the alternative lamellar structure and that the influence of 
Mw/Mn is confined to the morphological organization in the amorphous region. 
 
 
Figure 5-2. (a) Low-frequency Raman spectra of HDPEs with different Mw and (b) LSCS 
 and FWHM of LSCS as a function of Mw. 
 
Figure 5-3. (a) Low-frequency Raman spectra of HDPE samples and (b) LSCS and FWHM 
































































































 The tie-molecule fraction is one of the most important structural variables 
affecting the mechanical properties. According experimental results obtained by small-
angle neutron scattering, the end-to-end distance of molecular chains in the melt state is 
preserved after crystallization.20,21 Thus, the probability of forming tie molecules 
connecting n lamellar crystals is the fraction of molecular chains whose end-to-end 
distances in the melt state exceed the thickness of n lamellar crystalline layers:22-24  
 
(5-2) 
where r is the end-to-end distance of the random coil in the melt state and b = 3/(2 2) is 
denoted by its root mean square . The value of  is calculated with 
 
(5-3) 
where CN is the characteristic ratio, a is the bond length, M is the molecular weight of the 
molecular chain, and M0 is the molar mass of the monomer unit. For PE,  was 
calculated with CN = 8.0, a = 0.154 nm, and M0 = 14, respectively.25 L(n) is the critical 
length required to form a tie molecule connecting n layers, expressed in terms of the 
thicknesses of the crystalline (Lc) and amorphous (La) layers as 
 (5-4) 
For a real polymer, the molecular weight distribution should be taken into account for the 
calculation of the tie-molecule fraction. The probability of forming tie molecules of 
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L(n) = nLc + (n   1)La.
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R 1
0 fn(M) f t(n)dMR 1
0 fn(M)dM
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Here, fn(M) was obtained from GPC measurements. 
 The fractions of tie molecules connecting two, three, and four lamellar 
crystalline layers calculated using Equation (5-5) are plotted against Mw and Mw/Mn in 
Figure 5-4. The tie-molecule fraction was obviously independent of Mw. On the other 
hand, the fractions of tie molecules connecting more than two lamellar crystals increased 
with increasing Mw/Mn, although those connecting adjacent lamellar crystals (n = 2) were 
independent of Mw/Mn. These results suggest that an increase in higher-molecular-weight 




Figure 5-4. (a) Mw dependence and (b) Mw/Mn dependence of the fractions of tie 

































5.2.3 Tensile tests 
 Tensile tests were performed using a tensile machine (Model4466, INSTRON) 
at a constant strain rate of 0.5 min−1 and 20°C to evaluate the stress–strain behavior of 
samples. Double-notched specimens with a gauge length of 2 mm and a width of 4 mm 
cut from the sample sheets were used.  
 
5.2.4 Microscopic deformation behavior 
 Non-polarized and polarized Raman spectra were measured with a total exposure 
time of 10 s per Raman spectrum under uniaxial stretching using a rheo-Raman 
spectroscopic system. The polarized Raman spectra were measured under three types of 
polarization conditions as mentioned in Chapter 3. The tensile test was performed at 0.5 
min−1 and 20°C with the double-notched specimens. The peak shifts in the Raman bands 
at 1063 and 1130 cm−1 were obtained using Equation (3-2). The orientation parameters 
and most-probable orientation distribution function at each strain were obtained from the 












5.3 Results and Discussion 
5.3.1 Stress–strain behavior 
 The stress–strain curves for the HDPE samples with different Mw are compared 
in Figure 5-5. The yielding shape of the stress–strain curves became broader with 
increasing Mw. Moreover, the natural draw ratio, which corresponds to the terminal 
extension ratio of the neck-propagation region, showed a negative dependence on the 
weight-averaged molecular weight. The slope of the stress–strain curves in the strain-
hardening region, which is called the strain-hardening modulus Gp,26,27 was dependent on 
Mw; HDPEs with a higher Mw showed higher slopes in the strain-hardening region. The 
similar Mw dependence of the strain-hardening modulus for various HDPEs has been 
reported by Haward.28 
 Figure 5-6 shows the stress–strain curves of HDPEs with different Mw/Mn. The 
strain-hardening modulus was obviously dependent of Mw/Mn whereas the stress–strain 
curves were essentially identical in the elastic, yielding and neck-propagation regions. 
Considering that the deformation in the yielding and neck-propagation regions is 
interpreted in terms of the lamellar cluster units, the Mw/Mn independency is due to the 
similar sizes of the lamellar clusters. On the other hand, the strain-hardening modulus 
obviously increased with increasing Mw/Mn. 
 A structural interpretation of the natural draw ratio is proposed on the basis of 
lamellar cluster theory.29,30 In this model, necking deformation is interpreted as the 
reorganization of the lamellar cluster units in such a way that the free surface energy of 
these units becomes optimal, which leads to the following equation:29 
 
(5-6) 











gL is the lateral free surface energy, and Lw is the size of the lamellar cluster units. 
 The Mw dependence of the natural draw ratio is shown in Figure 5-7. The natural 
draw ratio showed a power-law dependence on Mw, and the slope of the line in Figure 5-
7 is about −0.77. Because the size of the lamellar cluster units Lw is proportional to 
Mw1/2,31 the natural draw ratio theoretically shows a power-law dependence on Mw with 
an exponent of −3/4 according to Equation (5-6), which is in good agreement with the 
present result. Considering that the natural draw ratio is unaffected by the tie-molecule 
fraction, the interlamellar amorphous chains confined within the lamellar cluster units are 
inactive in the necking zone. 
 
 






Figure 5-6. Stress–strain curves for HDPEs with different polydispersity indexes. 
 
 















According to Haward–Thackray theory26-28, the network density n can be 
estimated from the strain-hardening modulus Gp using the following equation: 
 (5-7) 
where kB and T are Boltzmann’s constant and the temperature, respectively. Considering 
that Haward–Thackray theory is based on rubber elasticity theory, the values of Gp are 
estimated from the reduced stress–strain curves using the Gaussian strain l2 − l−1 
normalized by the natural draw ratio lND:32 
 
(5-8) 
where C is the intercept of the stress–strain curve corresponding to the necking stress. 
The reduced stress–strain curves are shown in Figure 5-8. The strain-hardening modulus 
corrected for the influence of the natural draw ratio was independent of Mw although the 
slopes of the stress–strain curves increased with increasing Mw/Mn. 
The network density n estimated from the values of Gp is plotted against Mw and 
Mw/Mn in Figure 5-9. The network density linearly increased with increasing Mw/Mn 
although no correlation was observed between the network density and Mw, suggesting 
that the molecular weight distribution demonstrates the strength of the network structure 
in the strain-hardening region. Considering that the lamellar thickness, crystallinity, 
lamellar cluster size (~Mw1/2) were almost the same for HDPEs with various Mw/Mn, the 
interlamellar amorphous structure within the lamellar cluster units mainly affects the 
strength of the network density. As shown in Figure 5-10, the network density has a linear 
relationship with the fraction of tie molecules connecting several lamellae, in spite of the 
fact that the fraction of tie molecules connecting two lamellae was independent of the 
network density. This implies that the increase in the fraction of tie molecules connecting 
several lamellar crystals leads to a stronger network structure. Thus, the strain-hardening 
Gp = ⌫kBT,
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behavior is caused by the mechanical response of the network structure composed of 
junctions between lamellar cluster units.23,33 In the strain-hardening zone, the cluster units 
aligned along the stretching direction in the post-yielding are considered to be uniaxially 
deformed. Therefore, the concentration of tie molecules within a cluster unit act as the 
network structure under tension. 
 
Figure 5-8. The stress plotted against the Gaussian strain normalized by the natural draw 
 ratio for HDPEs with series of (a) weight-average molecular weights and 





Figure 5-9. (a) Weight-averaged molecular weight and (b) polydispersity index 
 dependences of the network density n calculated from the strain-hardening 




























Figure 5-10. Network density dependences of the fraction of tie molecules connecting 



























5.3.2 Load sharing 
 The strain dependences of the peak shifts and the stress–strain curves of HDPEs 
with different values of Mw are shown in Figure 5-11. A compressive load arose 
perpendicular to the molecular chain axis of the crystalline chains in the yielding region 
because the peak shift of the 1130 cm−1 band showed an increase until the second yield 
point. Beyond the yielding region, both peak shifts monotonically decreased with 
increasing strain, suggesting that the fragmentation of lamellar clusters into cluster units 
at yielding releases the loading on crystalline chains and stretching along the chain axis 
proceeds. The negative shifts of the 1130 cm-1 band is possibly associated with the change 
in the molecular environment due to lamellar cluster fragmentation at yielding and 
rearrangement during necking. Moreover, the absolute values of the peak shift obviously 
depended on Mw; HDPEs with higher Mw showed higher values of the peak shift values. 
The strain dependences of the peak shifts Dn1063 and Dn1130 and the stress–strain 
curves for a series of HDPEs with different Mw/Mn values are presented in Figure 5-12. 
As shown in this Figure, the load sharing of the crystalline chains was identical for all 
HDPEs because of the independence of Mw/Mn for both peak shifts under uniaxial 
deformation. Considering that the size of the lamellar structure such as the long period 
and the thickness of the lamellar crystalline layer was almost the same for all samples, 
the dominant factor for load sharing for the crystalline chains is not Mw/Mn but Mw. 
 The Mw dependences of the peak shifts at e = 7 for all HDPE samples are 
presented in Figure 5-13. The absolute values of the peak shifts linearly increased with 
decreasing Mw, suggesting that a stronger stretching load is applied to the crystalline 
chains for HDPEs with a lower Mw. Because the size of the lamellar cluster units is 
proportional to Mw1/2, this Mw dependence of the peak shifts suggests that the microscopic 
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load sharing is determined by the reorganization behavior of the lamellar cluster units 
which are the dominant deformation elements in post-yielding. For samples with a lower 
Mw, a fibrillar structure in which the lamellar cluster units are more highly aligned in the 
stretching direction due to the drastic reorganization of the lamellar cluster units is formed, 
resulting in a stronger stretching load applied directly to the crystalline chains. Moreover, 
it is noted that the load sharing in the high-strain region beyond the yielding region is 
dependent on the size of the lamellar cluster units. This indicates that the lamellar cluster 















Figure 5-11. Strain dependences of the peak shifts and the stress–strain curves for (a) 




























































































































Figure 5-12. Strain dependences of the peak shifts and the stress–strain curves for (a) 
 HDPE6D, (b) HDPE12D, (c) HDPE22D, and (d) HDPE34D. 
 














































































































































5.3.3 Molecular orientation 
 The strain dependences of the orientation parameters along with the stress–strain 
curves are shown in Figure 5-14. The overall strain dependence of the molecular 
orientation is consistent with the deformation model proposed in Chapter 3. The 
crystalline chains show a tilted molecular orientation along the stretching direction due 
to the excluded volume effect of the lamellar cluster units in the yielding region, followed 
by simple molecular orientation along the stretching direction. Although the molecular 
orientation of the HDPEs was essentially unchanged up to the yielding region, HDPEs 
with a lower Mw showed stronger molecular orientation along the stretching direction in 
the strain-hardening region. The orientation parameter at e = 10 as a function of Mw is 
plotted in Figure 5-15. The orientation parameter showed a power-law dependence on Mw 
with an exponent of −3/4, which is same as the Mw dependence of the natural draw ratio. 
Thus, the rearrangement of cluster units, which are fragmented at the yielding point, takes 
place during the necking (see Chapter 1). As a result, the alignment of the cluster units 









Figure 5-14. Strain dependences of the orientation parameters and stress–strain curves 
 for (a) HDPE52M, (b) HDPE75M, (c) HDPE100M, and (d) HDPE153M. 
 
Figure 5-15. Weight-averaged molecular weight dependence of the orientation parameter 






























































































































Figure 5-16 shows the strain dependences of the orientation parameters for all 
HDPEs along with their stress–strain curves. Although the molecular orientation of the 
HDPEs was essentially unchanged up to the yielding region, HDPEs with higher Mw/Mn 
showed stronger molecular orientation along the stretching direction in the strain-
hardening region. The orientation parameter  at e = 7 is plotted against Mw/Mn in 
Figure 5-17. The value of  linearly increased with increasing Mw/Mn, suggesting that 
the molecular orientation depends on the fraction of the tie molecules connecting several 
lamellae. According to lamellar cluster theory, the yielding behavior of semi-crystalline 
polymers is interpreted as the rearrangement of lamellar cluster units.31,34,35 Thus, the 
increase in the number of ICLs acting as stress transmitters between the lamellar cluster 
units leads to an enhancement in the molecular orientation into the stretching direction. 
HDPEs with higher Mw/Mn have larger number of ICLs because of the larger fractions of 
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Figure 5-16. Strain dependences of the orientation parameters and stress–strain curves 
 for (a) HDPE6D, (b) HDPE12D, (c) HDPE22D, and (d) HDPE34D. 
 






























































































































5.3.4 Deformation mechanism 
 According to the results presented in this chapter, the influences of the weight-
averaged molecular weight and polydispersity index on the uniaxial deformation behavior 
is discussed. The size of the lamellar cluster is determined by Mw, although the fraction 
of tie molecules connecting several lamellae is independent of Mw/Mn. On the other hand, 
the concentration of tie chains within cluster units increases with increasing Mw/Mn, being 
independent of the size of the lamellar cluster units.  
Beyond the yielding point, lamellar cluster units, the size of which is 
proportional to Mw1/2, are formed as structural elements followed by the reorganization of 
these cluster units accompanied with necking. In the case of HDPEs with a lower Mw, the 
smaller lamellar cluster units align more perfectly during the necking deformation, 
resulting in higher molecular orientation of the crystalline chains. The intercluster links 
composed of expanded chains act as stress transmitters between the lamellar cluster units 
in the yielding and necking regions whereas the interlamellar amorphous chains confined 
within the lamellar cluster units are inactive. Therefore, for HDPEs with a higher Mw/Mn, 
the rearrangement of the lamellar cluster units is improved owning to the increase in the 
number of intercluster links (composed of expanded tie molecules connecting adjacent 
clusters), resulting in an enhancement in the molecular orientation. On the other hand, it 
is likely that the natural draw ratio is dependent not on Mw/Mn but on Mw because the 
necking process is caused by the rearrangement of cluster units. 
In the strain-hardening region, the alignment of the lamellar cluster units along 
the stretching direction is almost finished, followed by the onset of the stretching of the 
interlamellar amorphous chains within cluster units. Thus, the inactive tie chains within 
cluster units become active beyond the necking region. Consequently, the higher strain-
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hardening modulus of HDPEs with higher Mw/Mn is caused by the higher concentration 
of tie chains connecting several crystalline lamellae within cluster units. The network 


























 The influences of the weight-averaged molecular weight and its distribution on 
the morphology were investigated using various analytical methods, and the probability 
of forming tie molecules confined in the interlamellar amorphous region was calculated. 
Moreover, the rheo-Raman spectroscopy was carried out to examine the Mw and Mw/Mn 
dependences of the microscopic deformation behavior. 
 The size of the lamellar structure is determined by Mw, although the fraction of 
tie molecules connecting several lamellae is independent of Mw. Thus, the yielding 
deformation is strongly affected by Mw; the higher Mw samples have lower values of the 
natural draw ratio and lower molecular orientation. Moreover, the Mw dependence of the 
applied load on the crystalline chains indicates that the lamellar cluster units are the 
representative volume elements during the yielding deformation. In the strain-hardening 
region, the network density estimated from the strain-hardening modulus is unaffected by 
Mw because Mw is independent of the tie-molecule fraction. 
The fractions of tie molecules connecting more than two lamellar crystalline 
layers linearly increases with increasing Mw/Mn, although the size of the lamellar structure, 
such as the thickness of the lamellar crystalline layer and the long period, is independent 
of Mw/Mn. Considering that the long tie molecules connecting several lamellae act as 
stress transmitters between lamellar cluster units, the increase in the number of tie 
molecules connecting several lamellae results in an enhancement in the molecular 
orientation along the stretching direction, and the applied load is mainly concentrated on 
these intercluser links. The higher molecular orientation and the larger fraction of tie 
molecules connecting several lamellar crystals are interpreted as a consequence of the 
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Influences of a Relaxation Process on Uniaxial Deformation 
Behavior for High-Density Polyethylene Solids  
 
6.1 Introduction 
 The origin of a relaxation has been extensively studied; however, the detailed 
molecular assignments of the relaxation process are still under debate.1-11 The most 
acceptable interpretations about the origins of the a1 and a2 relaxation processes are the 
intercrystalline (intermosaic or grain boundary regions) and intracrystalline (single 
molecular chain) relaxation phenomena, which are the phenomenological models 
proposed by mechanical data and electron microscopy.3-5 Moreover, the rotation-
translation-twist-tension (RT-TT) model is also well known as a molecular model for the 
relaxation processes of the crystalline structure.1,2 According to this model, the formation 
and propagation of defects in the crystalline structure are attributed to the a-relaxation 
process. However, the structural interpretations of the mechanisms of the a1 and a2 
relaxation processes have not been thoroughly investigated, which makes it difficult to 
control these relaxation processes. 
In this chapter, the morphological changes during a heating process were 
examined using rheo-Raman spectroscopy to propose a structural interpretation of the a 
relaxation processes. Moreover, rheo-Raman spectroscopy was also carried out during 
tensile deformation for elucidating the influences of these relaxation processes on the 





6.2.1 Sample preparation 
 Ziegler-Natta-catalyzed homo HDPE with Mw = 1.0×105 and Mw/Mn = 5.9 
supplied by Tosoh Corporation (Tokyo, Japan) was used. The sample pellets were 
compression molded at 210°C and 20 MPa, followed by quenching in ice water to prepare 
a sample sheet with a 1 mm thickness. The sample sheets were annealed at 120°C for 5 h 
to improve the heat stability. The sample density was determined to be 955 kg m−3 by 
Archimedes method. The volumetric crystallinity was about 71% calculated from the 
sample density, where the crystalline and amorphous densities were assumed to be 1003 




 Dynamic mechanical analysis (DMA) was performed to examine the 
viscoelasticity of the sample in the temperature range of −50 to 140°C at various 
frequencies (0.01–100 Hz) at a heating rate of 2 °C min−1 using a dynamic mechanical 
analyzer (DVE-V4, UBM Co. Ltd., Kyoto, Japan).  
 
SAXS and WAXD measurements 
 Small-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD) 
were carried out at elevated temperatures using Nano-Viewer (Rigaku, Tokyo, Japan) 
with CuKa radiation (40 kV and 30 mA) and a hot stage (FP-82, Mettler Toledo, 
Columbus, OH, USA). Two dimensional SAXS and WAXD patterns were acquired with 
exposure times of 30 and 10 min, respectively, under isothermal conditions at each 
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temperature for 30 min. The characteristic sizes of the lamellar structure such as the long 
period and the thicknesses of the lamellar crystalline, amorphous, and interfacial 
transition layers were estimated from an electron density correlation function of the 
sample.13 The crystallinity was calculated using the following equation with the peak 
areas of the crystalline diffraction peaks (110 and 200) and the amorphous halo obtained 
by peak fitting to the diffraction curve:14 
 
(6-1) 
where A110 and A200 are the peak areas of the (110) and (200) diffraction peaks, 
respectively, and Ahalo is the peak area of the amorphous halo. 
 
Low-frequency Raman spectroscopy 
 Raman spectra in the low-frequency region (3.2–100 cm−1) were measured using 
a double monochromator (Ramanor U1000, JOBIN YVON, Longjumeau, France) with 
an Ar+ laser (wavenumber = 488 nm, power = 50 mW) as the incident light. The Raman 
intensities were measured at various temperatures with an exposure time of 2 s every 0.2 
cm−1. The length of the straight-chain segment LSCS was estimated using Equation (5-1). 
The sample temperature was controlled using a heating chamber.  
 
Raman spectroscopy 
 Nonpolarized Raman spectroscopy was performed during the heating process to 
evaluate the conformational changes at elevated temperatures. Raman spectra were 
measured with an exposure time of 1 s and accumulated 30 times at a heating rate of 2 °C 
min−1.  
 The Raman bands observed at 1298 and 1305 cm−1 are assigned to the CH2 
 WAXD =
A110 + A200
A110 + A200 + 1.235Ahalo
,




twisting mode of more than 2–5 consecutive trans and amorphous conformers, 
respectively.15 Thus, the mass fractions of the all-trans and amorphous conformers were 





where A1298 and A1305 are the peak areas of the Raman bands at 1298 and 1305 cm−1, 
respectively. Note that the sum of these two peak areas is independent of the morphology 
and temperature14; thus, A1298+A1305 can be used as an internal reference. The 
orthorhombic crystallinity is obtained using the intensity for the Raman band at 1418 
cm−1 with the following equation because this band is assigned to the trans conformers 
included in the orthorhombic unit cells:14 
 
(6-4) 
where A1418 is the integrated peak area of the band at 1418 cm−1 and the constant value of 
0.46 has been proposed by Hagedorn et al.14 Although almost all of the consecutive trans 
chains are included in the orthorhombic unit cells, some of the trans conformers have no 
crystalline regularity, which are called the non-crystalline trans (NCCT) chains. 14,16-18 
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6.2.3 Tensile tests 
 The stress–strain curves were obtained by tensile tests using a tensile tester 
(Model4466, INSTRON) at various strain rates and temperatures. Dumbbell-shaped 
specimens having a width of 4 mm and a gauge length of 10 mm were cut from the sample 
sheets.  
 
6.2.4 Microscopic deformation behavior 
Load sharing 
  To evaluate the microscopic load sharing of the crystalline chains, the peak 
shifts for the Raman bands at 1063 and 1130 cm−1 assigned to the symmetric and anti-
symmetric C–C stretching modes, respectively, were examined. The nonpolarized Raman 
spectra were accumulated 10 times with an exposure time of 1 s at 20–90°C. In the 
temperature range of 100–120°C, the Raman spectra were measured with an exposure 
time of 2 s and accumulated 10 times because of the low intensity due to the high 
transparency of the specimen. 
 
Molecular orientation 
 Polarized Raman spectra under various polarization conditions (zz, zy, and yy) 
were accumulated 10 times with an exposure time of 1 or 2 s. Two orientation parameters 
 and  were obtained from the polarized intensities of the Raman band at 1130 
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6.3 Results and Discussion 
6.3.1 Morphological changes 
The dynamic mechanical spectra at various frequencies are shown in Figure 6-1. 
For the results at 10 Hz, two broad peaks were observed around 60 and 100°C, assigned 
to the a1- and a2-relaxation processes, respectively. Moreover, the peak positions of these 
relaxation processes obviously depend on the frequency. Then, the activation energies of 
these relaxation processes were obtained using the Arrhenius equation: 
 
(6-6) 
where f is the frequency, f0 is a pre-exponential factor, Ea is the activation energy, R is the 
perfect gas constant, and T is the temperature. The Arrhenius plot is presented in Figure 
6-2. The values of the activation energies of the a1- and a2-relaxation processes estimated 
from the slopes in Figure 6-2 are 123 and 218 kJ mol−1, respectively, which are in good 
agreement with a previous study.3 
 










Figure 6-1. Temperature dependences of the storage and loss moduli E’ and E’’ and 
 the loss tangent tand of HDPE at various frequencies.  
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 The characteristic sizes of the lamellar structure (Lp, Lc, La, and Lt) are plotted 
against the temperature in Figure 6-3. Moreover, LSCS and its FWHM as a function of the 
temperature are presented in Figure 6-4. Below about 100°C, the lamellar structure was 
stable because all of the characteristic sizes of the lamellar structure and the distribution 
of LSCS in Figure 6-4 were constant, which is in good agreement with previous studies for 
various PEs.20,21 On the other hand, these sizes of the lamellar structure increased with 
increasing temperature. This increase in the sizes of the lamellar structure has been 
interpreted as the melting behavior of thinner lamellar crystals having a lower melting 
temperature, which simultaneously occurrs with the growth of thicker lamellar crystals 
with a higher melting temperature.20  
 
 
Figure 6-3. The characteristic sizes of the lamellar structure such as the long period Lp, 
 the thickness of the lamellar crystalline and amorphous layers Lc and La, and 




























Figure 6-4. The size of the straight-chain length LSCS and its FWHM of HDPE as a 
 function of the temperature. 
 
  Figure 6-5 shows the crystallinity obtained from WAXD as a function of the 
temperature. The crystallinity decreased above 110°C, corresponding to the a2 relaxation 
temperature although the crystallinity remained constant in the low-temperature region. 
Thus, the melting of the crystalline structure began at 110°C, which is consistent with the 
results of SAXS and low-frequency Raman spectroscopy. 
 






































The mass fractions from the Raman spectra during the heating process are shown 
in Figure 6-6. Below the a1 relaxation temperature (~60°C), all of the mass fractions and 
the sizes of the lamellar structure remained constant. In the a1-relaxation region (60°C < 
T < 110°C), the crystallinity monotonically decreased, although the mass fraction of the 
amorphous chains was almost constant. Moreover, the mass fraction of NCCT chains 
increased with increasing temperature, suggesting that the crystalline chains are 
transformed into NCCT chains owning to the disordering of the orthorhombic regularity 
in this temperature region. Above the a2 relaxation temperature (~110°C), the 
crystallinity drastically decreased and the NCCT chains were the dominant state of the 
molecular chains, followed by complete melting. 
 
Figure 6-6. Temperature dependences of the mass fractions cc, ca, and cNCCT of HDPE 




















 According to the present results, the morphology is completely stable below the 
a1 relaxation temperature. In the a1 relaxation region, the fraction of NCCT chains 
increased with increasing temperature although the orthorhombic crystallinity obtained 
from WAXD was almost constant, suggesting that the regularity of the crystalline 
structure is partially disordered owning to the thermal activation of molecular motion. 
Considering that the size of the lamellar structure was independent of the temperature in 
this region, the disordering of the crystalline regularity mainly occurred in the crystalline 
core and not at the interfacial region of the crystalline phase. Around the a2-relaxation 
temperature, a drastic decrease in the crystallinity was observed in both Raman 
spectroscopy and WAXD, and almost all of the crystalline chains transformed into the 
NCCT chains. Moreover, the average size of the lamellar structure increased with 
increasing temperature because the thin and unstable crystalline structure is melting in 
this region.  
 
6.3.2 Tensile properties 
 The stress–strain curves at various temperatures and strain rates are compared in 
Figure 6-6. All of the stress-strain curves showed the typical tensile properties of semi-
crystalline polymers in that the yielding point appeared at a strain of 0.6.22,23 The overall 
yielding stress showed negative and positive dependences on the temperature and strain 
rate, respectively. Then, the Eyring equation was applied to the yielding behavior to 
obtain structural parameters such as the activation volume and activation energy: 
 
(6-7) 
where  is a constant pre-exponential factor, R is the gas constant, T is the stretching 
temperature, and sy is the yield stress. ln  is plotted as a function of sy/2RT at elevated 
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temperatures in Figure 6-7. The temperature dependence of the activation volume, 
estimated from the slopes of the lines shown in Figure 6-7, is presented in Figure 6-8. 
The activation volume drastically increased with the temperature above the a1-relaxation 
temperature and the slope of V* became lower in the a2-relaxation temperature region. 
For iPP, the similar temperature dependence of V* was observed24, which is interpreted 
as an enhancement in the fragmentation of lamellar crystals at the yielding point due to 
the intralamellar slippage caused by a2 relaxation. Moreover, the y-intercept of the lines 
b in Figure 6-7 include the activation energy DH as b = lne − DH/RT. The values of b are 
plotted against 1/RT in Figure 6-9. Here, the slope of the line in Figure 6-9 corresponds 
to the activation energy. The values of DH decreased above each a-relaxation temperature 
(DH in the leather-like and a1- and a2-relaxation regions was 126, 45, and 14 kJ mol−1, 
respectively), suggesting that the flowability of the structural units during yielding 





Figure 6-6. Stress–strain curves at (a) various temperatures and (b) strain rates under 






































Figure 6-7. Strain rate dependence of the yield stress at different temperatures in the 
 temperature range of 25–110°C. 
 
Figure 6-8. Temperature dependence of the activation volume of HDPE during the 
 yielding deformation.  
ln
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Figure 6-9. Temperature dependence of the value of b (= ln −DH/RT) of HDPE during 
 yielding deformation. 
 
6.3.3 Microscopic Deformation 
Molecular orientation 
The stress–strain curves along with the strain dependences of the orientation 
parameters are shown in Figure 6-10. ODFs at various strains at elevated temperatures 
are shown in Figure 6-11. In the temperature range of 20–50°C, the molecular orientation 
behavior was almost identical at all temperatures; the crystalline chains showed an 
oblique orientation in an intermediate direction, as indicated by the broad peak at 30°–
50° in ODF, followed by a unimodal molecular orientation into the stretching direction. 
Above 50°C,  and  increased drastically beyond the first yielding point, and 
showed almost constant in the strain-hardening region. In addition, the ODFs always 
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immediately and highly orient into the stretching direction during elongation. In the a2 
relaxation temperature region, both orientation parameters reached about 1, suggesting 
complete orientation into the stretching direction. Figure 6-12 shows the the stretching 
temperature dependences of the orientation parameters at e = 10. Both orientation 
parameters increased drastically above the a1 relaxation temperature (60°C) and saturated 
at 100°C, corresponding to the a2-relaxation temperature. This temperature dependence 
implies an enhancement in the molecular orientation of the crystalline chains due to these 
relaxation processes, and, in particular, the mechanism of molecular orientation is 

















Figure 6-10. Stress–strain curves along the orientation parameters under uniaxial 



















































































































































Figure 6-11. Orientation distribution functions under uniaxial stretching of HDPE at 




































































Figure 6-12. The orientation parameters at e = 10 as a function of the stretching 






























Figure 6-13 shows the strain dependences of the peak shifts along with the 
stress–strain curves at various temperatures. The peak shifts at 40°C were very similar to 
the result at 20°C, but the magnitudes of the peak shifts were smaller than that at 20°C. 
Above the a1-relaxation temperature, only the stretching load is applied to crystalline 
chains because the peak shift of the 1130 cm−1 band showed no hump in the yielding 
region. Beyond the yielding region, both peak shifts decreased and showed negative 
values, which means that the stretching load is simply applied to the crystalline chains. 
Moreover, at the a2-relaxation temperature, the peak shifts were obviously different than 
those in the lower temperature region; Dn1063 and Dn1130 linearly decreased and increased, 
respectively, with increasing strain. Considering that the crystallinity above the a2-
relaxation temperature was sufficiently low, the increase in Dn1130 means a compressive 
load arises perpendicular to the crystalline chains owning to the Poisson shrinkage of the 
specimen due to its rubber-like properties. This heterogeneous load sharing is also 
observed for ultra-low-density polyethylene the crystallinity of which is sufficiently 
lower (about 20%) than those of other PEs.25 The temperature dependences of the peaks 
shifts in the yielding region are shown in Figure 6-14. In the leather-like region, the 
compressive and stretching loads applied to the crystalline chains decreased with 
increasing temperature and became almost zero above the a1 relaxation temperature. 
Above the a2 relaxation temperature, Dn1063 and Dn1130 decreased and increased with 







Figure 6-13. Stress ‒ strain curves along the orientation parameters under uniaxial 





















































































































































































Figure 6-14. The peak shifts at e = 1.1 corresponding to the yielding region as a function 


























6.3.4 Deformation model at various temperatures 
Leather-like region 
 Because the lamellar structure is stable in this temperature region, the 
microscopic deformation behavior can be interpreted with the deformation model 
proposed in Chapter 3 based on lamellar cluster theory. Briefly, the lamellar clusters 
composed of stacked lamellar crystals are fragmented into lamellar cluster units, the size 
of which is proportional to Mw0.5 at the first yielding point. Then, a compressive load on 
the crystalline structure arises owning to Poisson shrinkage accompanied with necking. 
After that, the molecular orientation into the stretching direction is suppressed by the 
excluded volume effect of the lamellar cluster units. Here, the molecular orientation is 
slightly enhanced with increasing temperature although almost no structural change was 
observed in this temperature region. According to lamellar cluster theory, the chain ends 
with a high mobility are excluded from the crystalline structure during the supercooling 
process owning to the spinodal mode. Consequently, the rotational mode of the lamellar 
cluster units will be improved by the activation of the molecular motion of the chain ends 
existing around the lamellar cluster units. In the strain-hardening region, the crystalline 
chains simply orient into the stretching direction.  
 
a1-relaxation region 
 Above 50°C, corresponding to the onset of the a1-relaxation temperature, the 
fraction of NCCT chains increases with increasing temperature with a constant structure 
size, hence, the disordering of the regularity of the crystalline structure occurrs in this 
temperature region. Considering that the disordered crystalline regions composed of 




structure, the disordered regions will be easily deformed by the induced strain. Thus, it is 
concluded that the mechanism of a1 relaxation can be attributed to shear deformation of 
the disordered crystalline regions. Moreover, because the disordered crystalline regions 
are mainly located at the grain boundaries (or intermosaic block region) whose size is 
about 10–18 nm for HDPE4,5, crystallites with a smaller size than the lamellar cluster 
units will be formed as the mobile units beyond the yielding point, which is good 
agreement with the increase in the activation volume shown in Figure 6-8. Thus, these 
smaller crystallites will immediately orient into the stretching direction beyond the 
yielding point, resulting in a high degree of molecular orientation. 
 
a2-relaxation region 
 In this temperature region, the crystalline cells drastically expand owning to the 
thermal activation of molecular motion, and the regularity of the trans chains is disordered, 
resulting in a drastic increase in the fraction of NCCT chains. Therefore, the origin of a2 
relaxation can be attributed to chain slippage of single molecular chains in the crystalline 
structure. Thus, under tensile deformation, the crystalline lamellae do not act as the 
junction points of the molecular chains and the molecular chains easily flow in the 
stretching direction, resulting in almost complete orientation. Moreover, the amorphous 
phase is the dominant matrix and the specimen shows rubber-like properties in this 
temperature region; thus, lateral shrinkage will occur under tensile deformation. Thus, the 
anisotropic load sharing of the crystalline chains (the compressive and stretching loads 






 The morphological changes occurring around the a1- and a2-relaxation 
temperatures were evaluated using SAXS, WAXD, and Raman spectroscopy to provide 
a structural interpretation of these relaxation processes. It is concluded that the a1 and a2 
relaxation processes are assigned to the deformation of the disordered crystalline region 
and the deformation of the softened crystalline structure, respectively. When the HDPE 
sample is deformed in the a1 relaxation temperature region (60 < T < 110°C), the 
fragmentation of lamellar crystals occurs in the disordered crystalline region because the 
modulus of the disordered regions is lower than that of the crystalline structure with high 
regularity, resulting in an improvement in the molecular orientation along the stretching 
direction. In the a2-relaxation temperature region (T > 110°C), the lamellar crystals are 
mainly composed of non-crystalline trans chains. Therefore, the molecular chains can 
easily flow in the stretching direction, which leads to almost complete molecular 
orientation into the stretching direction. Moreover, the load sharing of molecular chains 
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 In this dissertation, the microscopic deformation behavior of semi-crystalline 
polymers under uniaxial stretching was examined using rheo-Raman spectroscopy. 
Moreover, the influences of the molecular weight distribution and a-relaxation process 
on this microscopic deformation behavior was investigated.  
 
Chapter 2 
 A rheo-Raman spectroscopic system combined with a tensile tester was 
developed in this chapter. By using this instrument, Raman spectra under uniaxial 
stretching process were successfully measured with a short exposure time (~1 s for a 
Raman spectrum). Moreover, an analytical method for estimating the peak position and 
integrated area of each Raman band was developed using peak fitting with Voigt functions. 




 Microscopic deformation behaviors such as load sharing and the molecular 
orientation of HDPE were evaluated using the rheo-Raman spectroscopic system 
developed in Chapter 2. Both the peak shift and orientation parameters of the crystalline 
chains showed almost no changes in the elastic region, suggesting that the tensile 
deformation is mainly concentrated in the interlamellar amorphous region. In the yielding 
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region, complicated deformation of the crystalline structure was observed for both 
microscopic load sharing and molecular orientation; a compressive load is applied to the 
crystalline structure, which is caused by the lateral shrinkage of the specimen with 
necking deformation. Beyond the first yielding point, the crystalline chains orient to an 
intermediate direction 30°–50° with respect to the stretching direction. This oblique 
orientation indirectly proves the existence of lamellar cluster units as the mobile units in 
yielding deformation. The deformation of the crystalline chains was almost completed, 
and a stretching load was simply applied to the crystalline chains in the strain-hardening 
region, suggesting that a fibrillar structure is formed beyond the yielding region. On the 
basis of these results, a deformation model of semi-crystalline polymers was proposed.  
 
Chapter 4 
 The microscopic load sharing and molecular orientation of iPP under uniaxial 
stretching were examined using rheo-Raman spectroscopy to investigate the influences 
of the morphology on the microscopic deformation behavior. Moreover, a new method 
for calculating accurate values of the orientation parameters for iPP was successfully 
developed. By using this method, almost same values of the orientation parameters were 
obtained using different Raman bands. Although the iPP used in this study showed an 
obviously different morphology compared with that of HDPE, the microscopic 
deformation behavior was very similar to that of HDPE in Chapter 3. By using a Raman 
microscope, which is capable of detecting structural changes at a scale of about 1 µm, it 







 The influences of the molecular weight on the sample morphology and the 
microscopic deformation behavior were investigated using two sets of HDPE samples 
with different Mw with a fixed Mw/Mn in addition to different Mw/Mn with a fixed Mw. The 
fraction of tie molecules connecting several lamellar crystals increases with increasing 
Mw/Mn, while the size of the lamellar structure is only determined by Mw. The stress–
strain behavior until the neck-propagation region is only dependent on Mw. This is 
because the lamellar cluster units, the size of which is proportional to Mw1/2, are the 
structural elements under necking deformation. The reorganization of the lamellar cluster 
units affects the molecular orientation of the crystalline chains; for lower Mw samples, the 
lamellar cluster units can be drastically reorganized with necking owning to the smaller 
size, resulting in higher molecular orientation along the stretching direction. Moreover, 
the values of the peak shift show a linear relationship with the size of the lamellar cluster 
units, suggesting that load sharing of the crystalline chains beyond the yielding region is 
determined by the size of the lamellar cluster units. On the other hand, the strain-
hardening behavior is strongly influenced by the fraction of tie molecules connecting 
several lamellar crystals. Considering that the interlamellar amorphous chains are mainly 
stretched in the strain-hardening region, an increase of tie molecules connecting several 
lamellae leads to a stronger network structure, resulting in the higher values of the strain-
hardening modulus. The tie molecule fraction also influences the molecular orientation 
in the yielding region because the tie molecules connecting several lamellae act as stress 






 The morphological changes during a heating process for HDPE were examined 
using the rheo-Raman spectroscopic system combined with a hot stage to investigate the 
a-relaxation mechanism. Moreover, the influences of a relaxation on the microscopic 
deformation behavior were also evaluated using rheo-Raman spectroscopy under uniaxial 
stretching. Around the a1 relaxation temperature (~60°C), the crystalline chains are 
partially disordered owning to thermal activation of molecular motions, which was 
observed as the increase in the number of non-crystalline trans chains. Thus, the a1-
relaxation process is assigned to the deformation in these disordered crystalline regions. 
Under uniaxial stretching, the lamellar crystals are easily fragmented in these disordered 
crystalline regions, which results in high molecular orientation into the stretching 
direction. In the a2 relaxation temperature region, the crystallinity showed a significant 
low value and most of the crystalline chains are transformed in non-crystalline trans 
chains. Considering that an increases in the number of the non-crystalline trans chains 
means a decrease in intermolecular interaction, the mechanism of a2 relaxation can be 
attributed to the chain slippage of a single molecular chain composed in the crystalline 
chains. Under uniaxial deformation, the molecular chains flow with the induced strain, 
which leads to almost complete molecular orientation. Moreover, in this temperature 
region, the tensile properties of the specimen become rubber-like owning to the low 
crystallinity. As a result, a compressive load is applied perpendicular to the molecular 
chain axis resulting from the lateral shrinkage of the specimen. According to these results, 
it is found that the non-crystalline trans chains are important for understanding the a-
relaxation mechanism of semi-crystalline polymers. 
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